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Abstract
Memory formation is a crucial task of the brain. It allows animals to dynamically respond to a
changing environment by combining information about current and previous experiences. Thus, it
promotes complex behaviours such as living in social groups and elaborate foraging tactics. The
ability to form memories is present across the animal kingdom in a variety of forms. The honeybee
- an eusocial insect - is capable of both ’simple’ associative and complex rule learning. Despite
decades of research into the mechanisms of memory formation, however, much remains unknown.
One little-understood aspect is the regulation of molecular mechanisms during memory formation.
Understanding regulation of transcription is particularly important in this context, as transcription
is a requirement for any stable memory. Epigenetic mechanisms regulate transcription by directly
interacting with chromatin. Importantly, epigenetic mechanisms are conserved across species as dis-
tinct as humans and honeybees. This thesis aims to investigate one particular epigenetic mechanism
- DNA methylation - and its role in honey bee memory formation by using behavioural, physiological
and molecular assays.
First, I studied the role of DNA methyltransferases (Dnmts), which catalyse DNA methylation, after
olfactory reward learning. Bees were trained to associate an odour with a sugar reward. Dnmts
were then blocked after conditioning using a pharmacological inhibitor. 24 hours later, bees were
tested for memory retention and generalisation. Dnmt inhibition increased the generalisation to
an odour that was not present during the training, thus impairing stimulus-specific memory. This
effect was learning-dependent, as bees’ response to odours or sugar water alone did not change after
treatment. Furthermore, this effect was robust against alterations in the training paradigm, but the
directionality depended on the number of training trials.
Next, I used Ca2+-imaging of the bees’ primary olfactory centre (i.e. antennal lobe, AL) to inves-
tigate whether Dnmts affect changes in AL processing established during memory formation. The
AL is involved in odour discrimination and olfactory learning; both processes are also crucial for
stimulus-specific memory formation. If Dnmts were inhibited after olfactory reward learning, the
AL response to a new odour changed 48 hours later. This effect potentially serves as a functional
explanation for the behavioural phenotype observed after Dnmt inhibition. Furthermore, this study
provides the first in vivo evidence for Dnmt-mediated regulation of neuronal networks during memory
formation.
As DNA methylation regulates transcription, I next investigated the effect of Dnmt inhibition on
gene expression. Using qPCR I studied 30 memory-associated genes. In response to Dnmt inhibition,
9 genes were upregulated after conditioning. For some of these genes I then investigated their
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methylation patterns using a bisulfite conversion based Mass spectrometry approach. Memory forma-
tion changed the methylation pattern compared to both unpaired (i.e. odour and sugar stimulation)
and naive bees in these genes. Furthermore, I analysed the expression of Dnmts and Tet, which
catalyses demethylation, after olfactory reward conditioning. Dnmt1b and Tet were upregulated
after 1 hour, whereas Dnmt3 was only upregulated 5 hours after conditioning. Thus, Dnmts and
Tet are likely active - in a specific temporal order - during a phase crucial for memory consolidation.
Finally, I investigated genome-wide changes in DNA methylation and hydroxymethylation (i.e. in-
termediate of demethylation pathway) 24 hours after olfactory reward conditioning using MeDIP
and hMeDIP sequencing. In order to connect and interpret the findings of my previous studies it
is crucial to know which genomic regions Dnmts and Tet target during memory formation. Most
memory-associated changes were located in the gene body; specifically, they were enriched in re-
gions flanking the transcription start and termination sites. This suggests a possible impact of DNA
methylation and hydroxymethylation levels on transcription initiation and termination. Furthermore,
transcription factors were enriched among the genes associated with changes in DNA methylation
and hydroxymethylation. Thus, regulatory events are potentially multiplied by indirectly affecting
genes targeted by these transcription factors.
Overall, the results of this thesis reveal important novel aspects of DNA methylation and demethy-
lation mediated regulation of memory formation in honey bees: (1) Dnmts are crucial for stimulus-
specific memory formation and regulate cognitive, rather than perceptual, generalisation. (2) Dnmts
regulate changes in odour processing in the primary olfactory centre during memory formation; likely
promoting better discrimination between trained and novel odours. (3) Dnmts affect gene expres-
sion of a subgroup of memory-associated genes; but only in a few of these genes did methylation
levels change as well, suggesting that Dnmts have a strong indirect effect on gene expression of
memory-associated genes. This assumption is supported by the enrichment of transcription factors
among genes associated with methylation or hydroxymethylation changes. (4) Dnmts and Tet are
upregulated and thus likely active during a period crucial for memory consolidation. In conclusion,
both DNA methylation and demethylation seem to play an important role in honey bee stimulus-
specific memory formation by affecting the transcriptional landscape in neurons and consequently
changing early odour processing and generalisation patterns.
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Zusammenfassung
Geda¨chtnisbildung ist eine elementare Aufgabe des Gehirns. Die Kombination von Kenntnissen u¨ber
vergangene und aktuelle Erlebnisse erlaubt es Tieren, flexibel auf sich vera¨ndernde Umweltbedin-
gungen zu reagieren. Diese Fa¨higkeit ermo¨glicht komplexe Verhaltensweisen, wie zum Beispiel das
Bilden von sozialen Gruppen und ausgefeilte U¨berlebensstrategien. Die Fa¨higkeit zur Geda¨chtnis-
bildung ist unter Tieren weit verbreitet. Die Honigbiene - ein eusoziales Insekt - ist in der Lage,
sowohl ’einfache’ Assoziationen, als auch komplexe Regeln zu erlernen. Obwohl Geda¨chtnisbildung
schon seit Jahrzehnten intensiv untersucht wird, bleibt vieles ra¨tselhaft. Speziell u¨ber die Regulation
von molekularen Mechanismen wa¨hrend der Geda¨chtnisbildung ist wenig bekannt. Da Gentran-
skription eine Vorraussetzung fu¨r jedes stabile Geda¨chtnis ist, ist in diesem Zusammenhang die
Regulation von Transkription besonders interessant. Epigenetische Mechanismen regulieren Tran-
skription, in dem sie mit Chromatin interagieren. Interessanterweise sind epigenetische Mechanismen
konserviert, selbst in Arten, die wie Menschen und Bienen evolutiona¨r weit auseinander liegen. Die
vorliegende Doktorarbeit untersucht mit Hilfe von Verhaltens-, Physiologie- und Molekularanalysen
DNA Methylierung - einen epigenetischen Mechanismus - und die Rolle, die sie in der Geda¨chtnis-
bildung spielt.
Im ersten Teil dieser Arbeit habe ich die Rolle von DNA Methyltransferasen (Dnmts), welche die
Methylierung von DNA katalysieren, in olfaktorischem Belohnungslernen untersucht. Dafu¨r wur-
den Bienen trainiert, so dass sie eine Assoziation zwischen einem Duft und einer Belohnung mit
Zuckerwasser bilden. Nach dem Training wurden Dnmts mit einen pharmakologischen Inhibitor
behandelt. Die Sta¨rke und Pra¨zision des Geda¨chtnisses wurden dann 24 Stunden nach dem Train-
ing getestet. Wenn Dnmts wegen des Inhibitors inaktiv waren, wurde das Geda¨chtnis unpra¨ziser,
und Bienen antworteten nicht nur auf den trainierten, sondern auch auf einen neuen Duft. Dieser
Effekt war lernabha¨ngig, da der Inhibitor nicht die naiven Antworten auf Du¨fte und Zuckerwasser
vera¨nderte. Weiterhin trat dieser Effekt auch auf, wenn das Trainingsprotokoll variiert wurde. Allerd-
ings vera¨nderte sich die Richtung des Effekts in Abha¨ngigkeit von der Anzahl der Lerndurchga¨nge
im Training.
Im na¨chsten Teil dieser Arbeit habe ich Ca2+-Imaging benutzt, um die Rolle von Dnmts bei der
Duftverarbeitung im prima¨ren olfaktorischen Teil des Bienengehirns (antennal Lobus, AL) zu unter-
suchen. Der AL ist sowohl fu¨r die Duftunterscheidung, als auch fu¨r das Duftlernen essentiell. Diese
beiden Prozesse sind auch fu¨r die Pra¨zision des Duftgeda¨chtnisses wichtig. Wenn Dnmts wa¨hrend
der Geda¨chtnisbildung nicht aktiv waren, vera¨nderte sich die AL Antwort auf einen neuen Duft zwei
Tage nach dem Training. Dieser Effekt ko¨nnte die Verhaltensa¨nderung erkla¨ren, die auftritt, wenn
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Dnmts wa¨hrend der Geda¨chtnisbildung inaktiv sind. Außerdem legt diese Studie die ersten in vivo
Belege fu¨r eine Dnmt-abha¨ngige Regulation von neuronalen Netzwerken vor.
Da DNA Methylierung Gentranskription reguliert, habe ich als na¨chstes den Effekt von Dnmts auf
die Genexpression nach dem Lernen untersucht. Insgesamt habe ich mit Hilfe von qPCR 30 Gene un-
tersucht, die alle schon mit Geda¨chtnisbildung in Verbindung gebracht worden waren. Wenn Dnmts
inaktiv waren, wurden 9 dieser Gene nach dem Lernen sta¨rker exprimiert. In mehreren dieser Gene
habe ich mir dann mit Hilfe von Bisulfite-basierender Massenspektroskopie die Methylierungsmuster
nach dem Lernen angeschaut. Duftlernen vera¨nderte das Methylierungsmuster sowohl im Vergleich
zu Bienen, die nur mit Du¨ften und Zuckerwasser stimuliert wurden, als auch im Vergleich zu naiven
Bienen. Weiterhin habe ich die Genexpression von Dnmts und Tet, die DNA Methylierung und
Demethylierung kataliysieren, wa¨hrend der Geda¨chtnisbildung untersucht. Dnmt1b und Tet waren
schon eine Stunde nach dem Training sta¨rker exprimiert, aber Dnmt3 erst nach fu¨nf Stunden. Dieses
Ergebnis suggeriert, dass Dnmts und Tet nach dem Training in einer spezifischen zeitlichen Abfolge
beno¨tigt werden.
Im letzten Teil dieser Arbeit habe ich die DNA Methylierungs- und Hydroxymethylierungsmuster
im kompletten Genom 24 Stunden nach dem Training mit Hilfe von MeDIP und hMeDIP Sequen-
zierungen untersucht. Um die Ergebnisse meiner vorherigen Studien sinnvoll zu interpretieren, ist es
wichtig, die Regionen im Genom zu kennen, die von Dnmts und Tet wa¨hrend der Geda¨chtnisbildung
anvisiert werden. Die meisten Vera¨nderungen im Methylierungs- und Hydroxymethylierungsmuster
waren in Genen zu finden, und dabei speziell in Regionen direkt am Transkriptionsstart und -
endpunkt. Dies weist auf eine mo¨gliche Funktion von DNA Methylierung und Hydroxymethylierung
bei der Initiierung und Beendigung von Transkription hin. Außerdem waren besonders viele Tran-
skriptionsfaktoren unter den Genen, die vera¨nderte Methylierungs- und Hydroxymethylierungsmuster
zeigten. Dadurch ko¨nnten regulatorische Vera¨nderungen im Methylierungsmuster versta¨rkte Gewich-
tung erhalten, weil zusa¨tzlich auch die Zielgene dieser Transkriptionsfaktoren beeinflusst werden.
Die Ergebnisse der hier vorliegenden Doktorarbeit zeigen neue und wichtige Aspekte der Regulierung
der Geda¨chtnisbildung bei Honigbienen durch DNA Methylierung und Demethylierung auf: (1) Dn-
mts sind essentiell fu¨r die pra¨zise Bildung von Duftgeda¨chtnissen, und sie regulieren kognitive Aspekte
von Generalisierung. (2) Dnmts regulieren Vera¨nderungen in der Duftwahrnehmung, die wa¨hrend der
Geda¨chtnisbildung im prima¨ren olfaktorischen Teil des Gehirns stattfinden. Dadurch unterstu¨tzen
sie mo¨glicherweise die Fa¨higkeit, zwischen gelernten und unbekannten Du¨ften zu unterscheiden. (3)
Dnmts beeinflussen die Genexpression einer Untergruppe von Genen, die bei der Geda¨chtnisbildung
eine Rolle spielen. Allerdings waren nur in wenigen dieser Gene auch die Methylierungsmuster 24
Stunden nach dem Training vera¨ndert, was eher auf einen starken indirekten Effekt von Dnmts auf
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die Expression von Genen hindeutet. Diese Schlussfolgerung wird durch das Ergebnis unterstu¨tzt,
dass Transkriptionsfaktoren besonders viele Methylierungs- und Hydroxymethylierungsvera¨nderungen
zeigten. (4) Dnmts und Tet waren stra¨rker exprimiert und damit auch ho¨stwahrscheinlich sta¨rker
aktiv in einer Zeitspanne, die auch fu¨r Geda¨chtniskonsolidierung wichtig ist. Zusammengefasst
scheinen sowohl DNA Methylierung, als auch Demethylierung eine wichtige Rolle bei der Bildung
eines pra¨zisen Geda¨chtnisses zu spielen, und zwar durch die Beeinflussung der Transkriptionsland-
schaft in Neuronen und endlich auch der fru¨hen Duftwahrnehmung und Generalisierungsmuster.
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Chapter 1
General Introduction
The ability to sense and react to external information is crucial for all organisms. Even ’simple’
unicellular organisms sense chemical gradients and move in response to them. In multicellular
organisms, interaction with the environment becomes increasingly more complex, to the point that
in animals a separate organ - the brain - exists. The brain collects information from the outside
and determines an appropriate response. Brains do not only allow animals to gather information
and respond to it, but also enables them to remember previous information. The combination of
information about current and previous events in the brain permits animals to adjust their responses
to the environment more precisely. Thus, it supports a dynamic response to a changing environment,
consequently increasing the chance of survival.
But how does the brain store and retrieve information about the environment? Many researchers
have attempted to find answers to this question over the years. Today we know much about different
aspects of memory formation including some of the molecular mechanisms involved. One aspect
that is very little understood, however, is the regulation of molecular mechanisms during memory
formation. Particularly, the regulation of transcription is crucial with regard to memory formation, as
transcription is a requirement for any long-lasting memory (Alberini and Kandel, 2015). Mechanisms
that regulate transcription by interacting and shaping the chromatin structure in the nucleus are
called ”epigenetic mechanisms”. Interestingly, mechanisms of epigenetic regulation are strongly
conserved across species as distinct as humans and honey bees (Wang et al., 2006; Zemach et al.,
2010).
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1.1 Honey bee learning and memory
Honey bees are eusocial insects that live in an organised hive structure. A hive consists of several
tens of thousands of female bees, whereas only one of them - the queen - reproduces (Page Jr, 2012).
Only a few male bees (i.e. drones) exist in the hive at specific times during the year. Interestingly,
the sex of bees - as of all Hymenoptera - is determined by whether or not the eggs the queen lays
are fertilised (Heimpel and de Boer, 2008). Male bees have a haploid and female bees a diploid
genome. Besides the queen all other female bees in the hive are sterile workers. They perform a
variety of tasks inside and outside the hive (Ament et al., 2010). Which tasks a bee performs is
age-dependent, with young bees nursing brood and cleaning the hive, and older bees foraging for
food.
1.1.1 Foraging and memory formation
Foraging bees (Fig. 1.1) are a crucial component in our ecological system. They - as well as
other insects and birds - pollinate flowers. Today honey bees in particular are responsible for the
pollination of many of our crops. For the bees themselves foraging is indispensable in order to
survive. It provides the only food source for the bee hive and, especially in colder climates, bees
need to collect and store pollen and nectar to survive winter (Seeley and Visscher, 1985). During a
foraging trip bees can venture up to 9.5 km away from the hive in search for food (Beekman and
Ratnieks, 2000). When they have found a good food source (i.e. a flower patch), bees repeatedly
visit it during foraging trips until it is depleted (Free, 1963; Greggers and Menzel, 1993; Gru¨ter et al.,
2011). When the food source looses productivity bees will start exploring new patches of flowers,
but return to their previous foraging site for several days (Moore et al., 2011; Wagner et al., 2013).
Foraging demands a variety of different abilities of bees such as orientation, communication and
memory formation. Here, I will focus specifically on memory formation. Bees remember the location
of a food source, its quality, shape, color and smell (Menzel, 2012). This enables bees to find a
food source again on consecutive foraging trips. Many different forms of learning with relevance
to foraging behaviour have been described in honey bees: Among them is, for example, ’simple’
associative learning of the association between the nectar and a specific feature of the food source
(for example a smell: von Frisch (1919)); extinction learning, which takes place when a food source
becomes less productive and bees stop visiting it (for review see :Eisenhardt and Menzel (2007));
and reversal learning, which describes frequent relearning of an association (for example: Ben-
Shahar et al. (2000)). Thus, depending on the situation, different aspects of memory formation are
important during foraging.
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Figure 1.1: Honey bee foraging for food on Toronto Island, Canada, September 2015.
1.1.2 Olfactory learning
Among the features bees learn about a food source when collecting pollen or nectar is its smell
(Menzel, 2012). They learn in such a way that they are able to discriminate it from other similar
odours (first described by: von Frisch (1919)). Von Frisch observed that bees prefer the smell of a
scented artificial food source, they were trained with, over other smells. Since then the stimulus-
specificity of bee memory has been described many times (Smith and Menzel, 1989; Laska et al.,
1999; Guerrieri et al., 2005).
Stimulus-specific memory is shaped by generalisation, which has a sensory and a cognitive com-
ponent: (1) If two odours are perceptually hard to discriminate (e.g. the odours overlap in their
binding profile to olfactory receptors), bees show a similar behavioural response to both. This rep-
resents a sensory restriction in resolving very similar stimuli (as e.g. two very similar hues of blue by
the human eye). In bees, generalisation patterns to olfactory stimuli for example reflect chemical
similarities between odours (Smith and Menzel, 1989; Laska et al., 1999; Guerrieri et al., 2005). (2)
Generalisation of stimuli, however, also depends on how they are cognitively grouped into response
categories by the animal (Spence, 1937; Shepard, 1987; Cheng, 2000). This cognitive component
of generalisation is crucial for animals as they need to group sensory-distinct stimuli, depending on
their experiences, in order to judge whether differences in sensory input are meaningful in a specific
situation or just natural fluctuations (Wright et al., 2008). Thus, depending on the context the
same two stimuli can either be generalised or discriminated between. Wright et al. (2008) described
this cognitive component of generalisation in bees by showing that, depending on their experiences,
bees display distinct generalisation patterns.
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Olfactory reward conditioning in restrained bees Two major approaches exist in researching
olfactory learning in honey bees: (1) Free-flying bees can be trained to an artificial food source
(e.g. von Frisch (1919)). Manipulations of these food-sources then allow an investigation of bee
behaviour. (2) Individually restrained bees can be trained in the laboratory using the proboscis
extension response (PER) assay. The results obtained with PER conditioning strongly reassemble
results of similar experiments in free-flying bees (Menzel and Bitterman, 1983) and memories formed
during foraging can be retrieved in restrained bees in a laboratory context (Gerber et al., 1996),
making it a valid method to investigate memory formation under controlled conditions. The PER
assay was first describe more than 50 years ago by Takeda (1961) and was later revised and optimised
by Bitterman et al. (1983) (for review see: Giurfa and Sandoz (2012)). Since then it has been widely
used in honey bee research and many of the processes underlying olfactory learning and memory
formation have been uncovered. Essentially, PER conditioning is a form of classical associative
conditioning (as introduced by: Pavlov and Gantt (1928)), where bees learn to associate an odour
(Conditioned Stimulus, CS) with a sugar water reward (Unconditioned Stimulus, US). This reflects
the odour-sugar association foragers form when drinking nectar from a flower while being surrounded
by its smell.
Bees respond to a stimulation of their antennae with sugar water by extending their proboscis. If an
odour is presented together with the sugar water, bees start extending their proboscis in response
to the odour alone after a few repetitions. Thus, the proboscis extension response (PER) is the
conditioned response (CR) in this paradigm. The PER is a binary behavioural readout, as the
experimenter assesses whether the proboscis is extended or not. However, if the bee’s response
is recorded and analysed with specific software, continuous variables like PER duration and PER
onset can be assessed (Shen et al., 2015). Instead of directly assessing the PER the activity of the
proboscis muscle (i.e. M17) can also be recorded (Smith and Menzel, 1989).
Memory strength and dynamics after PER conditioning depend on a variety of parameters: the
number of trials during training and the inter-trial interval both influence memory strength and the
underlying molecular processes (Gerber et al., 1998; Mu¨ller, 1996, 2000; Menzel et al., 2001; Lefer
et al., 2013). Furthermore the order and spacing between CS and US is crucial. Bees learn most
effectively if the CS precedes the US but overlaps it; trace conditioning (i.e. gap of up to 5 s between
CS and US onsets), however, causes memory formation as well (Szyszka et al., 2011). Backward
conditioning (i.e. presentation of the US before CS) on the other hand causes a decreased response
to the CS (Hellstern et al., 1998). This effect of backward conditioning can be observed with gaps
as long as 1 min.
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Olfactory learning in the honey bee brain Both the olfactory and the sugar reward pathways
in the honey bee brain are well understood (for review: Galizia (2014)): Olfactory information is
detected by olfactory receptor neurons (ORNs) in the antennae. ORNs then send the information to
the primary olfactory center in bees: the antennal lobe (AL). The AL consists of glomeruli, which are
morphological and functional units consisting of a dense network of ORN axons, local interneurons
(LNs) and projection neurons (PNs). LNs are the most abundant neurons in the AL and branch
between the glomeruli. The LN network is crucial for odour discrimination by shaping glomeruli
responses relative to each other (Stopfer et al., 1997; Hosler et al., 2000; Linster et al., 2005; Mar-
tinez, 2005). From the AL PNs project to higher order brain centres - the mushroom bodies (MB)
and the lateral protocerebrum (LP) (Galizia, 2014). In the context of olfactory reward learning,
information about the sugar reward is signalled by one octopaminergic neuron the VUMmx1, which
branches into most parts of the brain (Hammer, 1993; Kreissl et al., 1994).
Recent studies in the fruit fly (Drosophila melanogaster) suggest, however, that dopamineric neurons
are also important for food related reward processing (Das et al., 2016). In fruit flies distinct sets
of dopamineric neurons signal information about the sweetness and nutritional content of a reward
leading to the establishment of either short- or long-term memories. The subset of dopamineric
neurons signalling sweetness is activated by octopamine. A similar role of dopamineric neurons is
unknown in honey bees to date. Similarly, it has not been established whether bees process the
sweetness and nutritional value of the reward separately and whether it leads to different types of
memories. It is possible that the VUMmx1 neuron mainly functions in sweetness processing in bees
and that there is a separate pathway for nutritional value processing.
Both the AL and the MB play an important role in olfactory reward learning and memory formation:
the MB is not important for odour discrimination or acquisition during ’simple’ associative training
(Malun et al., 2002; Devaud et al., 2015), but rather for memory formation, extinction, reversal
learning and configural (i.e. ambiguous and nonlinear connection between CS and US) learning
(Erber et al., 1980; Hammer and Menzel, 1998; Devaud et al., 2007, 2015). The AL, on the other
hand, is important for odour discrimination, acquisition and memory formation (Erber et al., 1980;
Hammer and Menzel, 1998; Devaud et al., 2007, 2015).
After olfactory reward learning the response strength and pattern and the morphology of glomeruli in
the AL changes (Faber et al., 1999; Sandoz et al., 2003; Hourcade et al., 2009; Arenas et al., 2009;
Fernandez et al., 2009; Rath et al., 2011) (but see Peele et al. (2006) for contradictory results). And
even preexposure to the odour or sugar stimulus can already change the glomeruli responses in the
AL (Gala´n et al., 2006; Locatelli et al., 2013). Some studies found changes in the AL 24 hours or
longer after olfactory reward conditioning, timepoints corresponding to an established LTM (Sandoz
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et al., 2003; Hourcade et al., 2009; Arenas et al., 2009). As LTM is transcription-dependent (Al-
berini and Kandel, 2015) this suggests that transcriptional changes underlie the memory-dependent
physiological response in the ALs. Specifically, the finding that the volume of some glomeruli in-
creases (Hourcade et al., 2009) suggests that the transcription of structural genes - e.g. synaptic
and cytoskeletal genes - is triggered after olfactory reward conditioning.
1.1.3 Molecular mechanisms of honey bee memory formation
Molecular mechanisms regulating memory formation have been a focus in honey bee research for 20
years (for review see: Eisenhardt (2014)). Especially since the publication of the honey bee genome
in 2006 (Honeybee Genome Sequencing Consortium, 2006), and its updated version in 2014 (Elsik
et al., 2014), we gained much information about the molecular mechanisms underlying memory. One
advantage of honey bees in this field of research is that they are wild animals. Thus, the variation
in experiments can be high, but it also allows for the identification of biologically relevant effects.
Because of strong variability in behavioural and molecular characteristics with age, many studies
however use age-matched bees (Ray and Ferneyhough, 1997; Toma et al., 2000; Laloi et al., 2001;
Behrends et al., 2007). In this thesis age-matched bees were also used for all molecular studies (Fig.
1.2).
Figure 1.2: Breeding and marking of honey bees. For many molecular experiments, age-matched bees
are used to control for age-related differences in gene expression and regulation. A brood frame of capped
larvae is kept in an incubator. Upon hatching bees are marked with paint on their thorax and returned to
the hive. They perform normal hive tasks like nursing and foraging until they are collected again for the
experiment.
Changes in gene transcription (Wu¨stenberg et al., 1998; Menzel et al., 2001; Friedrich et al.,
2004; Lefer et al., 2013; Qin et al., 2014; Wang et al., 2013; Cristino et al., 2014), translation
(Wu¨stenberg et al., 1998; Friedrich et al., 2004; Stollhoff et al., 2005) and protein degradation
(Felsenberg et al., 2012, 2014) are all crucial for memory formation. Here I will particularly focus
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on transcription and its role in memory formation.
Translation and transcription dependency of memory formation Memory formation consists
of several phases with distinct underlying molecular pathways (Eisenhardt, 2014). In bees, short-
term and mid-term memories (i.e. minutes and hours after training) are dependent on the function
of various protein kinases, long-term memory (i.e. days after training) on the other hand depends
on transcription and translation of genes.
As long-term memory is defined as transcription-dependent memory (Alberini and Kandel, 2015),
one of the main scopes of early studies was to determine the transcription and translation depen-
dency of honey bee memories. Memories established between 24 and at least 96 hours (latest tested
time point) after multiple trial olfactory reward training are translation-dependent in bees (Wu¨sten-
berg et al., 1998; Friedrich et al., 2004; Stollhoff et al., 2005). Data are, however, contradictory
with regard to transcription-dependency: some studies show that only 72 to 96 hour memory is
transcription-dependent in bees (Wu¨stenberg et al., 1998; Friedrich et al., 2004), whereas in a study
by Menzel et al. (2001) 24 to 48 hour memory was transcription-dependent, but only if bees had
received spaced training. Furthermore memory performance and transcription and translation de-
pendency varies with factors such as age (Ray and Ferneyhough, 1997; Laloi et al., 2001; Behrends
et al., 2007), the exact training protocol (Menzel et al., 2001; Lefer et al., 2013) and satiation levels
(Friedrich et al., 2004). Interestingly, 24 hour memory has been repeatedly shown to be dependent
on epigenetic - transcription regulating - mechanisms in bees (Lockett et al., 2010; Merschbaecher
et al., 2012; Biergans et al., 2012, 2015) (see: section 1.2.4). This suggests that the question
of when a transcription-dependent memory is established in bees is more complex than previously
thought.
Generally there are two waves of transcription after olfactory reward training in bees: one during
training and the second one several hours later (Lefer et al., 2013). Besides memory strength (i.e.
CS+ retention), other aspects of memory formation are transcription-dependent in bees: extinc-
tion and spontaneous recovery after extinction training are dependent on transcription (Stollhoff
et al., 2005). Furthermore, stimulus-specific memory changes in a transcription-dependent manner
(Perisse et al., 2009; Lefer et al., 2013). These studies are supported by findings that both extinction
and stimulus-specific memory are also dependent on transcriptional regulation by DNA methylation
(Lockett et al., 2010; Biergans et al., 2012, 2015).
Memory-associated genes Many studies have attempted to identify individual genes or path-
ways involved in memory formation in bees using a variety of techniques. Whole transcriptome
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approaches established that 24 hours or later after olfactory and visual conditioning the majority
of differentially expressed genes (DEGs) are down-regulated (Qin et al., 2014; Wang et al., 2013;
Cristino et al., 2014). This suggests that, following the initial transcription waves during the first
hours after training (Lefer et al., 2013), the transcription of most genes is restricted again. Even
though the exact reason for this effect is unknown, the upregulation of microRNAs - repressive
regulators of translation - at the same time point (Qin et al., 2014; Cristino et al., 2014) suggests
the possibility that regulatory mechanisms could ’over-shoot’ when adjusting transcription levels of
plastic genes back to baseline.
Among the DEGs discovered in these studies was a GABA receptor (Qin et al., 2014; Wang et al.,
2013). Ionotropic GABA receptors in the MB calyces are crucial for reversal learning, but not ex-
tinction or discriminatory learning in general (Boitard et al., 2015). Furthermore ionotropic GABA
receptors are involved in odour discrimination, as blocking them increases the generalisation between
similar odours (Stopfer et al., 1997; Hosler et al., 2000). Besides GABA, other neurotransmitters
are important for olfactory learning. When blocking the glutamate NMDA receptor, MTM and LTM
are impaired (Mu¨ßig et al., 2010). One of the most crucial neurotransmitter (NT) for olfactory
reward learning is octopamine. Octopamine is the NT of the VUMmx1 neuron, which signals the
sugar reward to the brain (Hammer, 1993; Kreissl et al., 1994). Injections of octopamine into the
AL or MB combined with an odour stimulus induce learning in bees (Hammer and Menzel, 1998).
A recent study investigated the correlation between single nucleotide polymorphism (SNPs) in oc-
topamine and dopamine receptors and learning performance (Lagisz et al., 2016). They found a
weak relationship between both dopamine and octopamine receptor SNPs and olfactory punishment
learning, and also between dopamine receptor SNPs and olfactory reward learning. Furthermore,
acetylcholine - the most prominent excitatory NT in the insect brain - is involved in STM retrieval
(Gauthier et al., 1994; Lozano and Gauthier, 1998).
Besides NT receptors, structural genes are important for memory formation. In bees the cell-cell ad-
hesion gene NeurexinI and the cytoskeletal gene Actin are both differentially expressed after olfactory
reward conditioning (Biswas et al., 2010; Cristino et al., 2014). Actin is specifically abundant in the
microglomeruli of the MB, where PN axons synapse on kenyon cells (Ganeshina et al., 2012). When
Actin polymerisation is blocked after olfactory reward conditioning, memory retention improves 2
and 24 hours later (Ganeshina et al., 2012). Actin mRNA translation is also regulated by miR932
- a microRNA upregulated after conditioning - and blocking miR932 impairs memory formation
(Cristino et al., 2014). Thus, the cytoskeleton plays a crucial role in bee memory formation.
Another group of genes crucial during memory formation are those involved in second messenger
cascades. Injecting octopamine in the AL, stimulating bees with sugar water and conditioning them
18
DNA methylation and memory formation in bees
all activate protein kinase A (PKA) (Hildebrandt and Mu¨ller, 1995). This activation is mediated by
the NO/cGMP system (Mu¨ller, 2000). Despite its immediate activation after conditioning a knock-
down (KD) of PKA only impairs LTM but not MTM memory (Fiala et al., 1999). Besides PKA,
several other proteins interacting directly or indirectly with PKA are important for LTM formation
(e.g. NO synthase, adenylyl cyclase (AC), soluble guanylyl cyclase (sGC) and CaMKII) (Mu¨ller,
1996; Matsumoto et al., 2014). Second messenger cascades involving AC, NO, sGC and PKA have
been suggested to trigger transcription factor (TF) activity (Matsumoto et al., 2014).
Despite no direct evidence for specific TFs involved in memory formation several candidates exist.
An extensive study investigating transcriptional profiles of a range of honey bee behaviours and de-
velopmental stages identified several TFs differentially expressed in these situations (Chandrasekaran
et al., 2011). They suggested that only a small number of TFs is needed to define distinct neu-
rogenomic states in the brain. Following from that, Khamis et al. (2015) identified a subset of 22
TFs which are upregulated in foragers compared to nurses. Only 5 of these 22 TFs were indeed
targeting nearly half of the genes differentially expressed in foragers, supporting the idea that only
a few TFs are needed to establish a distinct transcription profile corresponding to a behavioural
phenotype. As memory formation is an important aspect of foraging the TFs described by Khamis
et al. (2015) are good candidates for being involved in memory formation as well as behavioural
maturation (i.e. nurse to worker transition). TFs are important for regulating transcription, but
additional regulatory mechanisms - epigenetic mechanims (see: section 1.2) - became a focus of
research in bees more recently. Epigenetic mechanisms regulate chromatin structure directly and can
change its accessibility, 3D structure and the proteins bound to it. The epigenetic writers Histone
acteyltransferases, deacetylases and DNA methyltransferases (Dnmts) are all involved in honey bee
memory formation (Lockett et al., 2010; Merschbaecher et al., 2012; Biergans et al., 2012, 2015).
1.2 Epigenetics
The term ’epigenetics’ was first introduced by Waddington (1957), describing - back then unknown
- mechanisms changing a phenotypic outcome without alteration of the DNA (i.e. mutation). To-
day, epigenetics describes a group of mechanisms that share common regulatory functions. Bird
(2007) arguably defined our modern understanding of epigenetics most precisely as: ”the struc-
tural adaptation of chromosomal regions so as to register, signal or perpetuate altered
activity states”
This definition highlights (1) the interaction of epigenetic mechanisms with chromatin (e.g. DNA
base modifications); (2) the ability to cause structural changes of chromatin (e.g. nucleosome repo-
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sitioning); (3) the ability to incorporate information about external or internal states into chromatin
regulation (e.g. information about nutrition); (4) the alteration of cellular states by chromatin reg-
ulation (e.g. changes in gene expression)
Thus, epigenetic mechanisms enable cells to react to and remember external signals. This ability
has lead to the suggestion that epigenetic mechanisms act as a form of molecular memory trace of
cellular states (Bird, 2007). Many examples for specific epigenetic states in certain cell types (e.g.
stem cells vs. differentiated cells) or diseases have supported this idea (e.g. Aran et al. (2013)).
Different mechanisms contribute to epigenetic regulation on different levels: epigenetic writers (e.g.
DNA methyltransferases) establish epigenetic marks (e.g. 5-methylcytosine (5mC)) in the chro-
matin (Goldberg et al., 2007); epigenetic readers interact with epigenetic marks (e.g. 5mC binding
proteins); finally epigenetic erasers remove epigenetic marks (e.g. ten-eleven translocation methyl-
cytosine dioxygenase (Tet)). Specifically, the epigenetic mark 5mC can be stable for a long time
and has therefore been suggested as an exceptional candidate for a long-term molecular memory
trace of the cell’s history (Bird, 2007).
1.2.1 DNA methylation
DNA methylation describes the covalent modification of cytosines in the DNA sequence by DNA
methyltransferanses (Dnmts). Dnmts catalyse the addition of a methyl-group to the 5’ position
of cytosines by utilising S-adenosyl methionine (SAM) (Drahovsky´ and Morris, 1971b,a)(Fig. 1.3).
The existence of 5mC in the genome was first observed in bacteria (Johnson and Coghill, 1925),
but was later confirmed in eukaryotic cells (Hutchkiss, 1948). 5mC and Dnmts have been identified
throughout the animal kingdom in many species (Goll and Bestor, 2005; Zemach et al., 2010), but
intriguingly some species (e.g. C. elegans and D. melanogaster) are missing 5mC in their genome
(Urieli-Shoval et al., 1982; Simpson et al., 1986)(but see: Dunwell and Pfeifer (2014) for a diverging
perspective).
In animals, 3 different families of Dnmts are described (Goll and Bestor, 2005). Dnmt1 and Dnmt3
are both important for DNA methylation, but are suggested to have distinct functions: Dnmt1
preferentially methylates hemimethylated DNA (i.e. in a CpG context the cytosine on only one
strand is methylated) in mammals, and thus is also called ’maintenance’ Dnmt (Bestor and Ingram,
1983; Yoder et al., 1997). Dnmt3 on the other hand preferentially methylates unmethylated DNA
and thus is termed de novo Dnmt (Okano et al., 1998, 1999). However, the strict separation in
function between Dnmt1 and Dnmt3 is controversial (Jeltsch and Jurkowska, 2014). The function
of the third Dnmt - Dnmt2 - is distinct with it not methylating DNA, but rather t-RNA (Yoder
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and Bestor, 1998; Goll et al., 2006; Jurkowski et al., 2012). Honey bees - like all hymenopterans
sequenced so far (Glastad et al., 2011) - possess orthologs of all three Dnmt families described in
vertebrates (Wang et al., 2006; Elsik et al., 2014) (Fig. 1.4). They possess two Dnmt1 genes and
one each for Dnmt3 and Dnmt2 (Honeybee Genome Sequencing Consortium, 2006; Elsik et al.,
2014). These orthologs are functionally active and methylate DNA in vivo in bees (Wang et al.,
2006).
Besides Dnmts, a methyl-binding domain (MBD) containing protein - similar to mammalian MBD3 -
was also identified in bees (Wang et al., 2006)(Fig. 1.4). MBDs bind to 5mC and thus can function
as 5mC effectors (Hendrich and Bird, 1998).
Figure 1.3: DNA methylation and demethylation mechanisms. Cytosine in the DNA is methylated by
DNA methyltransferases (Dnmts) by transferring a methyl-group from SAM to the 5’ position of cytosine
creating 5-methylcytosine (5mC) (Drahovsky´ and Morris, 1971b,a). Several demethylation pathways exist.
Here I focus on the ten-eleven translocation methylcytosine dioxygenase (Tet) mediated pathway. Tet
oxidises 5mC creating 5-hydroxymethylcytosine (5hmC) (Tahiliani et al., 2009). 5hmC is then further
converted to 5-formylcytosine (5fC) and 5-carboxycytosine (5caC) by Tet (Ito et al., 2011; He et al.,
2011). The final step from 5caC to unmethylated cytosine likely involves proteins of the base extinction
(BER) pathway (Li et al., 2013).
Considerable research during the last few years has investigated how vertebrate Dnmts are tar-
geted towards specific genome sequences (for review see: Jeltsch and Jurkowska (2014)). The
ADDz domain of Dnmts (Fig. 1.4), for example, prevents its binding to certain histone modifica-
tions associated with active chromatin (Otani et al., 2009; Zhang et al., 2010). Whereas the PWWP
domain (Fig. 1.4) promotes the binding of Dnmt3 to other histone modifications associated with
gene bodies and inactive chromatin (Dhayalan et al., 2010; Baubec et al., 2015).
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Besides an interaction with histone modifications, a number of proteins can guide Dnmts to specific
chromatin states (Bostick et al., 2007; Sharif et al., 2007; Arita et al., 2012; Rothbart et al., 2012;
Bashtrykov et al., 2014; Berkyurek et al., 2014). Transcription factor (TF) presence on the other
hand can prevent de novo methylation (Brandeis et al., 1994; Macleod et al., 1994; Feldmann et al.,
2013).
Figure 1.4: Dnmts and MBD domains. Honey bees possess functional orthologs of all Dnmt families
present in mammals (Honeybee Genome Sequencing Consortium, 2006). Two Dnmt1 orthologs are present
and one each for Dnmt2 and Dnmt3. Additionally, bees possess a methyl-binding domain (MBD) ortholog
that is most similar to MBD3 (Wang et al., 2006). Domain information retrieved from: http:// www.
ncbi.nlm.nih.gov; Data was illustrated with lbs: Liu et al. (2015); AA - amino acids; Domains: RFD -
Replication foci; CXXC - CXXC zinc finger; BAH - Bromo adjacent homology; Dcm - site-specific DNA
cytosine methylase; AdoMet - S-adenosylmethionine-dependent methyltransferase; PWWP - Pro-Trp-Trp-
Pro motif; ADDz - C5-MTase 3; MBD - methyl-binding; MBD-C - methyl-binding C-terminal
A long non-coding RNA (lnRNA) has also been shown to regulate Dnmts (Di Ruscio et al., 2013).
Besides interaction of Dnmts with other epigenetic mechanisms, chromatin-remodelling proteins are
involved in changing how accessible chromatin is for Dnmts (Dennis et al., 2001; Zhu et al., 2006).
Despite it being likely that similar mechanisms regulate Dnmts in honey bees, systematic studies are
lacking so far. As the honey bee Dnmt3 possesses both a ADDz and PWWP domain (Fig. 1.4) it
is, however, likely that at least the described interactions with histone modifications (Otani et al.,
2009; Zhang et al., 2010; Dhayalan et al., 2010; Baubec et al., 2015) occur in bees as well.
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DNA methylation in promoters and enhancers Promoter methylation is largely associated
with gene expression silencing in mammals (Farthing et al., 2008; Han et al., 2011; Deaton and
Bird, 2011), but it remains unclear whether it causes gene silencing or is a consequence of it in
already silenced genes (Jones, 2012). Indeed - at least for imprinted X-chromosomes - methylation
occurs after the inactivation of certain genes (Lock et al., 1987). DNA methylation is associated with
gene repression via a number of downstream mechanisms: the MBD-containing protein MeCP2, for
example, binds to 5mC and represses transcription (Nan et al., 1997). Methylation in enhancers is
negatively correlated with gene expression as well (Wiench et al., 2011; Aran et al., 2013; Magnusson
et al., 2015). Generally, DNA methylation upstream of the transcriptional start site (TSS) likely
affects transcription initiation, whereas transcription elongation is not affected by 5mC marks in the
gene body downstream of the TSS (Jones, 2012).
In honey bees promoter methylation is present but much less pronounced than gene body methylation
(Lyko et al., 2010; Cingolani et al., 2013). Enhancer methylation has not yet been investigated in
bees.
DNA methylation in gene bodies Gene body methylation is likely the most conserved form of
DNA methylation as it is present throughout eukaryotic genomes (Feng et al., 2010; Zemach et al.,
2010). Many possible functions of gene body methylation have been suggested: actively transcribed
genes often have DNA methylation in their gene bodies (Ball et al., 2009). A possible explanation
for this is that DNA methylation antagonises the binding of repressive polycomb-group containing
proteins (Ball et al., 2009; Wu et al., 2010). Methylation in introns can regulate alternative promoters
downstream of the TSS and thus influences the transcription of gene isoforms (Maunakea et al.,
2010). Additionally, methylation - especially of exons and at exon/intron boundaries - has been
suggested to regulate alternative splicing. Honey bees have been a primary model for investigating
alternative splicing and DNA methylation. In bees, gene body methylation levels are associated with
alternative splicing of genes (Lyko et al., 2010; Foret et al., 2012; Flores et al., 2012; Herb et al.,
2012; Li-Byarlay et al., 2013; Cingolani et al., 2013). A possible mechanism linking methylation and
alternative splicing has been proposed using a mammalian model system: the transcription factor
CTCF can be prevented from binding by methylating its binding site (Jones, 2012). CTCF binding
causes the pausing of RNA polymerase II (RNAPII), which changes the transcription dynamics and
in turn influences alternative splicing (Shukla et al., 2011).
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1.2.2 DNA demethylation
Besides DNA methylation, mechanisms for both active and passive demethylation pathways exist
(for review see: Delatte and Fuks (2013) and Li et al. (2013)). Passive demethylation describes
the loss of 5mC during replication. This process is therefore restricted to dividing cells and does
not play a role in differentiated neurons. Active demethylation, however, can also be found in dif-
ferentiated cells. Several pathways have been suggested and evidence exists that they are acting in
parallel to a certain degree: one well supported pathway for active demethylation is mediated by
the ten-eleven translocation methylcytosine dioxygenase (Tet) (Delatte and Fuks, 2013)(Fig. 1.3).
In mammals, three families of Tet genes are known (Li et al., 2013), whereas bees only possess
one Tet gene (Wojciechowski et al., 2014). Tet oxidises 5mC, which leads to the formation of
5-hydroxymethylcytosine (5hmC) (Tahiliani et al., 2009). 5hmC is a stable intermediate product
of the demethylation pathway and evidence suggests that it could serve an independent regulatory
function (Pastor et al., 2011; Hahn et al., 2014). The methyl-binding domain containing protein
MBD3, for example, preferentially binds 5hmC over 5mC in mammals (Yildirim et al., 2011). Differ-
ent epigenetic readers for 5mC and 5hmC provide the possibility of diverging downstream processes
between these two DNA modifications. Interestingly, the only MBD family protein currently iden-
tified in honey bees is most similar to mammalian MBD3 (Wang et al., 2006) (Fig. 1.4). So far,
nothing about the binding properties of honey bee MBD3 is known. It will, however, be interesting
to determine whether it preferentially binds 5hmC.
5hmC can be further modified by Tet to 5-formylcytosine (5fC) and 5-carboxycytosine (5caC) (Ito
et al., 2011; He et al., 2011). The final step - from 5caC to unmethylated cytosine - likely in-
volves proteins of the base extinction repair (BER) mechanism (Li et al., 2013). Alternative active
demethylation pathways involve Gadd45, AID, and the BER mechanism (Delatte and Fuks, 2013).
Active demethylation is of crucial importance to the question of how behavioural plasticity is reg-
ulated by DNA methylation. Without a mechanism for active demethylation in differentiated cells
dynamic methylation would not be possible, as 5mC levels could only be increased but not reduced
in response to external stimuli.
1.2.3 DNA methylation and demethylation in honey bees
With the sequencing of the honey bee genome (Honeybee Genome Sequencing Consortium, 2006)
and the discovery that honey bees possess Dnmt orthologs (Wang et al., 2006) epigenetic research
began to become a focus in bees (for an extensive review of DNA methylation in eusocial insects
see: Yan et al. (2015)). Honey bees posses two catalytically active orthologs of Dnmt1 and one of
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Dnmt3 (Wang et al., 2006). Furthermore, a MBD domain containing protein has been identified,
most similar to mammalian MBD3 (Wang et al., 2006). More recently, a catalytically active form
of the demethylation protein Tet has also been described (Wojciechowski et al., 2014).
The honey bee genome is rather GC poor (Honeybee Genome Sequencing Consortium, 2006; Elsik
et al., 2014). The CpG (i.e. cytosine followed by a guanine) distribution in honey bee genes however
is intriguing: it falls on a bimodal distribution of observed over expected CpG (CpGo/e) ratios (Elango
et al., 2009). That means approximately half of the genes are enriched for CpG and half of them
depleted. This bimodal distribution is only present in a subset of species (e.g. sea squirt, sea
anemone and honey bee), most species rather have a unimodal distribution (e.g. arabidopsis, rice,
puffer fish and humans) (Nanty et al., 2011). Low CpGo/e genes have a higher methylation level
compared to high CpGo/e genes in bees (Lyko et al., 2010; Nanty et al., 2011). As 5mC is prone to
mutate into thymine through spontaneous deamination, it has been suggested that regions strongly
methylated for long stretches of time become depleted in their GC content (Cooper et al., 2010).
The two classes of CpGo/e genes have been analysed in depth in honey bees: low CpGo/e genes are
more conserved, more broadly expressed, shorter and perform housekeeping functions; whereas high
CpGo/e genes are rather expressed in specific tissues, are longer and perform specialized functions
(Elango et al., 2009; Hunt et al., 2010; Zeng and Yi, 2010; Nanty et al., 2011).
Early methylome studies established that most 5mC is present in a CpG context in exons in bees
(Zemach et al., 2010; Lyko et al., 2010). More recent analysis challenges both notions however:
both Shi et al. (2013) and Cingolani et al. (2013) described 5mC to be enriched in introns over
exons. Despite disagreement about the specific distribution of 5mC in bees it is established that
gene body methylation is predominant, as it is in other invertebrates (Zemach et al., 2010; Lyko
et al., 2010; Shi et al., 2013; Cingolani et al., 2013). Furthermore Cingolani et al. (2013) showed
that - both in their own dataset and in a re-analysis of Lyko et al. (2010) using several different
bioinformatic approaches - CHH methylation (i.e. 5mC followed by two bases which are either A,
T or C) was about 5x as abundant as CpG methylation in bee brains. This finding is particularly
interesting as CH methylation (i.e. 5mC followed by either A, T or C) is also more abundant than
CpG methylation in mammalian brains (Lister et al., 2013). Cingolani et al. (2013) additionally
analysed 5hmC in the bee genome for the first time and found it to be mostly located in introns
(Cingolani et al., 2013). They furthermore described large differences in the amount - but not
distribution - of 5mC between different subspecies of honey bees (africanised and european honey
bees) (Cingolani et al., 2013). Similar differences in global methylation levels were observed between
gametes and larvae compared to adults (Ikeda et al., 2011; Drewell et al., 2014) and between bee
castes (Shi et al., 2011). In most cases it is not clear yet what the functional importance of the
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different global methylation levels is. Only for honey bee castes does evidence suggest that lower
methylation levels - induced by Dnmt3 siRNA mediated knock down (KD) in larvae - support the
development of queens (Kucharski et al., 2008).
As mentioned earlier the question of what the mechanistic role of 5mC is has been debated since
its discovery: in honey bees 5mC and 5hmC are associated with gene expression (Ikeda et al., 2011;
Li-Byarlay et al., 2013; Herb et al., 2012; Cingolani et al., 2013; Biergans et al., 2015)(but see:
Flores et al. (2012) and Guan et al. (2013)). One study suggests, however, that exon expression is
correlated with 5mC rather than whole gene expression (Flores et al., 2012). Furthermore there is
strong evidence in bees for an association between alternative splicing and 5mC: 5mC is enriched at
splicing sites in the genome (Lyko et al., 2010; Herb et al., 2012; Cingolani et al., 2013) and genes
predicted to be alternatively spliced are enriched among methylated genes (Foret et al., 2012; Flores
et al., 2012). The association between alternative splicing and 5mC was further strengthened by
Li-Byarlay et al. (2013), who showed that after Dnmt3 KD in the fat bodies 60% of differentially
expressed genes were also alternatively spliced. Specifically, exons with higher 5mC are skipped less
(Flores et al., 2012; Li-Byarlay et al., 2013) and introns with higher 5mC are retained more (Li-
Byarlay et al., 2013). Furthermore, they identified several factors involved in alternative splicing as
being differentially expressed after Dnmt3 KD (Li-Byarlay et al., 2013). Examples of an association
between alternative splicing and 5hmC have also been described, whereas the effect of 5hmC on
alternative splicing may be opposite to the effect of 5mC (Cingolani et al., 2013). It is important to
note that early methylome studies used bisulfite sequencing (Lyko et al., 2010; Foret et al., 2012;
Flores et al., 2012; Herb et al., 2012; Li-Byarlay et al., 2013), which can not distinguish between 5mC
and 5hmC. Thus, if 5mC and 5hmC really serve opposing functions with regard to alternative splicing
(Cingolani et al., 2013) and potentially gene expression, early correlation analyses are suffering from
this fact. As discussed before the specific roles of 5mC and 5hmC in gene regulation are still under
debate, but several mechanisms have been suggested (see: section 1.2.1) which likely also can be
found in honey bees.
DNA methylation in honey bee development Specifically, the role of DNA methylation in
caste development has been a focus in bees. As female honey bee castes (i.e. queens and workers)
are genetically identical the difference in phenotype (e.g. egg-laying vs. nursing behaviour) is
purely mediated by environmental stimuli. The main determinant of whether a bee becomes a
queen or a worker is the food a larvae is fed, with queen larvae being given protein-rich royal jelly
(Haydak, 1943). One of the earliest epigenetic studies in bees established a relationship between
DNA methylation and caste development: in the absence of Dnmt3 (i.e. Dnmt3 siRNA KD) in
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larvae the majority of them develop into queens (Kucharski et al., 2008). This study has been
supported by a genome-wide analysis of 5mC in queen (17 days old) and worker (8 day old) brains,
which found 550 genes differentially methylated between queens and workers (Lyko et al., 2010).
But the claim that queens and workers have distinct methylomes was refuted by Herb et al. (2012) as
they could not detect any differences in brains of newly hatched bees. The most striking differences
between these two studies is the age of bees (>8 days and newly hatched). It is possible that
the different methylation patterns in queens and workers only establish later on by differences in
life-style. It also has to be noted that the queens and workers compared in Lyko et al. (2010) were
of different ages and methylation changes with age (Lockett et al., 2012; Shi et al., 2013). On
the other hand, methylomes of queen and worker larvae also show differential methylation (Foret
et al., 2012; Shi et al., 2013) and studies of methylation in individual genes could detect differences
(Ikeda et al., 2011; Shi et al., 2011). This suggest that even though Dnmt3 seems to be crucial for
queen development (Kucharski et al., 2008), the 5mC pattern in queen and larvae brains fluctuates
considerably and may be most different in the larval stage (Foret et al., 2012; Shi et al., 2013) and
in older adults (Lyko et al., 2010), but similar in young adults (Herb et al., 2012).
Honey bees do not only divide into queens and workers. Workers themselves display an age-dependent
behavioural plasticity which divides them into different sub-castes (i.e. nurses and foragers) (Page Jr
and Peng, 2001). 5mC patterns change in accordance with this behavioural transition (Herb et al.,
2012; Guan et al., 2013). Most importantly, these 5mC patterns are dynamic: if foragers perform
nursing tasks again (i.e. reverted foragers) in case of a shortage of younger bees in the hive, the
5mC pattern in the brain largely reassembles the ’nurse methylome’ (Herb et al., 2012; Guan et al.,
2013). This finding was a crucial step in establishing a relationship between specific behaviours (e.g.
foraging) and DNA methylation.
1.2.4 DNA methylation and demethylation in behavioural plasticity
In contrast to DNA methylation during development, which is ’static’ and involved in lasting phe-
notypes (e.g. a specific cell type), DNA methylation involved in behavioural plasticity needs to be
dynamic (for review see: Tognini et al. (2015)). Particularly in neurons, which continuously receive
external information and change in response to it, DNA methylation involved in neuronal responses
needs to be dynamic, reversible and inducible by environmental input. Accumulating evidence sug-
gests that DNA methylation can indeed have these features (Herb et al., 2012; Guan et al., 2013;
Zovkic et al., 2013). Furthermore, DNA methylation and demethylation machinery is strongly ex-
pressed in neurons across species (Wang et al., 2006; Wojciechowski et al., 2014; Zovkic et al.,
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2013; Tognini et al., 2015), suggesting they have a crucial role in the adult brain. As a potential
mechanism of cellular memory, DNA methylation is of particular interest in memory research.
Vertebrates Extensive research in mammals uncovered many aspects of DNA methylation medi-
ated regulation of memory formation (for review see: (Zovkic et al., 2013)): Most research focussed
on aversive conditioning in mice and rats (Miller and Sweatt, 2007; Lubin et al., 2008; Miller et al.,
2008; Hutnick et al., 2009; Miller et al., 2010; Feng et al., 2010; Maddox and Schafe, 2011; Monsey
et al., 2011; Sui et al., 2012; Mizuno et al., 2012; Sultan et al., 2012; Oliveira et al., 2012; Rudenko
et al., 2013; Kaas et al., 2013; Morris et al., 2014), but one study also addressed the role of DNA
methylation in appetitive (i.e. reward) conditioning (Day et al., 2013). These studies investigated
a range of different brain areas such as the hippocampus (Levenson et al., 2006; Miller and Sweatt,
2007; Miller et al., 2008; Lubin et al., 2008; Hutnick et al., 2009; Sultan et al., 2012; Mizuno et al.,
2012; Rudenko et al., 2013; Kaas et al., 2013; Morris et al., 2014), the amygdala (Maddox and
Schafe, 2011; Sultan et al., 2012; Monsey et al., 2011; Morris et al., 2014; Kumar et al., 2015) and
the cortex (Hutnick et al., 2009; Miller et al., 2010; Sui et al., 2012; Rudenko et al., 2013). In most
cases long-term memory formation after aversive and appetitive conditioning was impaired if Dnmts
were pharmacologically inhibited or knocked out (Levenson et al., 2006; Miller and Sweatt, 2007;
Miller et al., 2008; Lubin et al., 2008; Hutnick et al., 2009; Miller et al., 2010; Feng et al., 2010;
Maddox and Schafe, 2011; Monsey et al., 2011; Sui et al., 2012; Oliveira et al., 2012; Day et al.,
2013; Morris et al., 2014).
Morris et al. (2014) highlighted the different dynamics Dnmt regulation can have during memory
formation depending on the learning paradigm used. Using a Dnmt1 and Dnmt3a knock-out (KO)
they showed that even though CS retention is impaired in mice trained with contextual fear condi-
tioning, a taste aversion paradigm or a novel object recognition paradigm, it is not in mice trained
with cued fear conditioning. Furthermore, the time-point at which the impairment manifests is
different. After contextual fear conditioning, for example, memory is already impaired in KO mice
after 24 hours, but following taste aversion learning a memory impairment is detectable only after
48 hours. This result demonstrates that each behavioural paradigm likely involves a distinct timeline
of molecular regulation - probably depending on the brain areas involved - whereas the basic princi-
ples of regulation seem to be largely the same. Even after cued fear conditioning the expression of
Dnmt3 increases and extinction is impaired. This indicates that DNA methylation is still involved
in memory formation in this paradigm.
Studies focussing on demethylation - specifically Tet and Gadd45b - however make the picture more
complex: a Tet1 KO enhances LTM retention after aversive conditioning and spatial memory tasks,
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whereas the results for contextual fear conditioning disagreed between studies (Rudenko et al., 2013;
Kumar et al., 2015). Interestingly in the Tet1 KO other genes associated with active demethylation
(e.g. Gadd45a) were upregulated, suggesting a potential feedback mechanism (Kumar et al., 2015).
Tet1 overexpression on the other hand impairs memory retention after contextual fear conditioning
(Kaas et al., 2013). A Gadd45b KO, however, improves memory retention after mild and moderate
but not robust training in several different training paradigms (Sultan et al., 2012). This indicates
that different proteins involved in demethylation may serve distinct functions during memory for-
mation. Besides memory formation, both Dnmts and Tet are also involved in the regulation of
extinction in mammals (Rudenko et al., 2013; Morris et al., 2014).
Dnmts and Gadd45b are upregulated after learning in several studies (Sultan et al., 2012; Oliveira
et al., 2012; Monsey et al., 2011; Morris et al., 2014), whereas Tet is downregulated (Kaas et al.,
2013). Interestingly, young mice have higher levels of Dnmt1 and Dnmt3a compared to aged mice
and Dnmt3a expression increases after training in young mice only. Additionally, overexpression of
Dnmt3a in aged mice improves their memory retention (Oliveira et al., 2012). This clearly supports
a crucial role of Dnmt3 in memory formation and a possible protective function of de novo DNA
methylation against cognitive decline.
Individual genes (e.g. bdnf and reelin) show methylation changes after contextual fear condition-
ing, appetitive auditory conditioning or LTP induction in hippocampal slices (Levenson et al., 2006;
Lubin et al., 2008; Miller and Sweatt, 2007; Day et al., 2013). Suggesting them to be potentially
regulated by DNA methylation during memory formation.
Additionally, activation of neurons causes genome-wide changes in the methylome both shortly after
activation (4 hours) and at a later time-point (24 hours) (Guo et al., 2011). This illustrates that
methylation changes related to neuronal activity can be stable. Although it has to be noted that
just a subset of the differentially methylated regions (DMRs) overlapped between the measurement
timepoints. Thus, it is likely that some early induced DMRs are stable, but that the methylation
pattern undergoes large dynamic changes following neuronal activity. Many of the DMRs described
in this study were located in gene bodies. But only promoter methylation anticorrelated significantly
with gene expression (Guo et al., 2011).
Recent research could for the first time provide a possible mechanistic explanation of how DNA
demethylation could regulate memory formation: Meadows et al. (2015) and Yu et al. (2015) found
that DNA demethylation affects synaptic scaling. Synaptic scaling is a form of homeostatic plas-
ticity and regulates the overall synaptic strength of a neuron in order to avoid excess activity (for
reviews on homeostatic plasticity see: Guzman-Karlsson et al. (2014); Yin and Yuan (2015)). The
effect of DNA demethylation on synaptic scaling was both dependent on transcription and neuronal
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activity (Meadows et al., 2015). Epigenetic mechanisms affect the whole cell and respond to signals
originating from anywhere in the cell as well. Thus, the idea that DNA methylation’s function in
memory formation is to regulate homeostatic plasticity is very intriguing.
Invertebrates In invertebrates, behavioural plasticity in the context of DNA methylation has only
been studied in Gastropoda and insects to date. It is worth noting that DNA methylation does not
exist in two of the most common molecular invertebrate model species - Cenorhabtitis elegans and
Drosophila melanogaster - thus focussing research in this area on other species: in great pond snails
artificially enhanced memory and amnesia are influenced by Dnmts (Solntseva et al., 2014; Lukowiak
et al., 2014; Nikitin et al., 2015). Interestingly, in Aplysia the level of serotonine-induced 5mC is
regulated by a small non-coding RNA (Rajasethupathy et al., 2012), highlighting the interaction of
epigenetic mechanisms in invertebrates.
In honey bees, DNA methylation is involved in two aspects of memory formation: memory extinc-
tion (both learning and extinction retention) is impaired if Dnmts are pharmacologically inhibited
before or after differential olfactory reward training (Lockett et al., 2010). Furthermore, stimulus-
specific long-term memory is impaired after pharmacologically inhibiting Dnmts (Biergans et al.,
2012, 2015). Stimulus-specific memory describes the ability of bees to specifically respond to a
learned stimulus (e.g. an odour) and not to generalise to similar stimuli. After Dnmt inhibition only
stimulus-specific long-term memory was impaired, whereas short-term memory was intact (Biergans
et al., 2012); similar to the result after blocking certain histone modifications during memory for-
mation (Merschbaecher et al., 2012). This suggests that epigenetic mechanisms are not involved in
short- or mid-term memory formation in bees. Furthermore, in both studies 24 hour memory was
affected as much as 48 or 72 hour memory (Biergans et al., 2012; Merschbaecher et al., 2012).
Traditionally, 24 hour memory (sometimes termed ’early’ long-term memory) is regarded as tran-
scription independent in bees (Eisenhardt, 2014). Epigenetic studies, however, suggest that memory
at 24 hours after training already is dependent on transcriptional regulation (Merschbaecher et al.,
2012; Biergans et al., 2012, 2015). Also in mammals, short-term memory formation is independent
of DNA methylation (Levenson et al., 2006; Lubin et al., 2008; Maddox and Schafe, 2011; Monsey
et al., 2011; Sui et al., 2012; Rudenko et al., 2013; Kaas et al., 2013) and this agrees well with it
being transcription-independent.
Recently, the relationship between DNA methylation and stimulus-specific memory has been investi-
gated in more depth in bees (Biergans et al., 2015): after the pharmacological inhibition of Dnmts -
independent of the inhibitor used - several memory associated genes are upregulated. Thus, Dnmts
contribute to the regulation of gene expression levels of specific genes after olfactory reward learn-
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ing. Several of these genes were also differentially methylated in their promoter, exons or introns.
In addition to memory formation, stimulation (i.e. odour and sugar stimuli during training) alone
also caused differential methylation, but to a much smaller extent compared to memory formation.
Finally, Dnmts and Tet are upregulated during the first hours after olfactory reward training (i.e.
memory consolidation period) at different time points, suggesting that both de novo and mainte-
nance methylation and demethylation are involved during memory formation; with them functioning
in a specific temporal order.
Despite some insights - mostly from behavioural studies - into the role of DNA methylation during
memory formation in invertebrates, much remains unknown. To date, we know only little about the
behavioural phenotypes after Dnmt inhibition, the physiological processes in the brain regulated by
DNA methylation and the genomic regions and genes targeted by Dnmts and Tet during memory
formation.
1.3 Thesis aims
The overarching aim of my thesis was to investigate the role of DNA methylation in memory
formation in honey bees. I particularly focussed on DNA methylation in the context of olfactory
reward conditioning in restrained honey bees. This training method is well established in bees
and a large body of literature about its behavioural, physiological and molecular aspects (Menzel,
2012; Eisenhardt, 2014) provides an excellent starting point for studying epigenetics in this context.
Previous studies established that DNA methylation is involved in extinction and stimulus-specific
long-term memory formation (Lockett et al., 2010; Biergans et al., 2012). Building on these studies
I here used behavioural, physiological and molecular approaches to extend our understanding of
how, when and where DNA methylation regulates long-term memory formation in bees. In each
study bees were trained with odours (conditioned stimulus, CS) and sugar water (unconditioned
stimulus, US) and the extension of their proboscis (PER) was assessed (conditioned response, CR).
The variety of techniques used here and layers of biological functions investigated address the role of
DNA methylation broadly and put it into context with our current knowledge of memory formation
in bees.
Aim 1: The effect of Dnmt inhibition on bee olfactory reward memory formation Previous
studies established that stimulus-specific long-term memory formation is impaired after pharmaco-
logical inhibition of Dnmts (Biergans et al., 2012). Thus, my first aim was to investigate this
behavioural phenotype in more depth in order to understand what specific aspect of the bees be-
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haviour is impaired after Dnmt inhibition. As the effect of Dnmt inhibition on stimulus-specific
memory formation could be either due to impaired stimulus perception or memory formation, I ad-
dressed this question by testing the effect of Dnmt inhibition on responses to only odour or sugar
water in untrained bees. Furthermore I examined whether the described effect (Biergans et al., 2012)
was replicable and robust against changes in the training paradigm. In bees, the number of trials
during training and the interval between them both influence the molecular machinery underlying
memory formation (Eisenhardt, 2014). Thus, I investigated whether DNA methylation mediated
regulation after olfactory learning is also determined by these training features. DNA methylation
is also involved in the regulation of extinction learning and memory (Lockett et al., 2010). As
extinction is a paradigm during which a previously learned association is relearned (e.g. a previ-
ously rewarded odour is not rewarded any more), I also tested other forms of relearning, such as
reversal learning during which bees repeatedly need to re-associate stimuli. Finally, I carried out a
meta-analysis summarising all behavioural data published previously or acquired during my thesis.
This was done to investigate which effects of DNA methylation on bee memory formation are best
supported by the data to date.
Aim 2: The effect of Dnmt inhibition on information processing in the primary olfactory
center of bees Based on behavioural data supporting a role of DNA methylation in stimulus-
specific long-term memory formation (Biergans et al. (2012), Chapter 2), I then investigated whether
it does so by changing early olfactory processing in the brain. During olfactory reward conditioning
odours are presented and bees are trained to associate them with sugar reward (Giurfa and Sandoz,
2012). Thus, processing of olfactory information plays a crucial role in this paradigm. This becomes
especially apparent in the context of stimulus-specific memory, as bees are required to discriminate
the learned from similar odours (both on the perceptional and cognitive level) in order to not
generalise across stimuli. Since the primary olfactory center (i.e. antennal lobe, AL) in bees is
involved in both odour discrimination and olfactory memory formation (Galizia, 2014), it is a prime
candidate for being targeted by Dnmts during stimulus-specific memory formation. Thus, I used
Ca2+-imaging of the be AL to investigate the role of Dnmts in odour processing after olfactory
reward learning. As extinction is also regulated by Dnmts I added an extinction learning paradigm
to this study, thus being able to test both the role of Dnmts in stimulus-specific memory formation
and extinction in the AL. I specifically hypothesised that Dnmts regulate stimulus-specific memory
formation in the AL by facilitating discrimination between learned and unknown odours. Furthermore,
I hypothesised that Dnmts do not regulate extinction in the AL, as higher order brain centres -
downstream of the AL - are crucial for extinction (Devaud et al., 2007).
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Aim 3: The molecular mechanisms underlying Dnmt regulation after olfactory reward
conditioning in bees As DNA methylation is a mechanism involved in the regulation of transcrip-
tion, I investigated the effect Dnmt inhibition after olfactory reward training has on the expression
of memory-associated genes. Thus, I assessed the expression of 30 genes 24 hours after olfactory
reward conditioning, most of which are down-regulated at this timepoint in trained bees (Cristino
et al., 2014). For a subset of these genes I also tested their methylation levels 24 hours after con-
ditioning or stimulation only in comparison to na¨ıve bees. Furthermore, I assessed the expression
of the DNA methylation and demethylation machinery (i.e. Dnmts and Tet) during the first hours
and 24 hours after training in order to determine when during memory formation Dnmts and Tet
are likely active.
Aim 4: The genome-wide target sites of Dnmts and Tet after olfactory reward condi-
tioning in bees The final aim of my thesis was to gain an overview over genomic regions and
genes targeted by Dnmts and Tet after olfactory reward conditioning. Several studies already inves-
tigated genome-wide 5mC (Lyko et al., 2010; Flores et al., 2012; Herb et al., 2012; Shi et al., 2013;
Cingolani et al., 2013) and 5hmC patterns (Cingolani et al., 2013) and gave crucial insights in the
general distribution of these base modifications in the genome. So far, however, there is no data
about genome-wide methylation changes after memory formation in bees. In order to interpret and
connect the data I gathered for my first three aims it is, however, crucial to know which genomic
regions Dnmts and Tet target during memory formation and which genes and pathways are associ-
ated with them. To this aim I used MeDIP and hMeDIP approaches combined with sequencing. I
analysed trained and control (i.e. stimulation only) bees focussing on the analysis of the distribution
of 5mC and 5hmC changes after memory formation and the genes associated with them.
1.4 Thesis overview
This thesis contains 6 chapters. Chapter 1 has given an introduction to honey bee behaviour and
memory formation and epigenetic mechanisms. Chapter 2-5 describe the results of the experiments I
conducted during my PhD. In Chapter 2, I present a behavioural study investigating the role of Dnmts
in bee memory formation. In Chapter 3, I investigate how Dnmts regulate odour discrimination in
the primary olfactory center after olfactory reward conditioning. In Chapter 4, I describe a molecular
study focussing on how Dnmts and Tet are expressed after olfactory reward training and how the
expression of putative Dnmt target genes is affected by Dnmt inhibition. This study has been
published and the original publication is attached in Appendix B. In Chapter 5, I finally present a
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genome-wide analysis of Dnmt and Tet target sites after olfactory reward conditioning and analyse
the features of genes associated with these sites. This thesis concludes with a general discussion
(Chapter 6) of all findings presented here, highlighting their relevance for the field of epigenetics
research in behavioural plasticity.
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Chapter 2
DNA methylation adjusts the specificity
of memories depending on the learning
context and promotes relearning - a
behavioural study
2.1 Abstract
Individual studies could demonstrate that DNA methylation mediated by DNA methyltransferases
(Dnmts) is important for both stimulus-specific long-term memory (LTM) formation and extinction.
So far it remains elusive, however, which specific aspects of memory formation are regulated by
Dnmts (e.g. associative or non-associative components) and how robust this regulation is across
varying training conditions. Here, I extend and re-evaluate the experimental body of evidence for
the role Dnmts play in different aspects of LTM formation. I treated bees with pharmacological
Dnmt inhibitors and observed their na¨ıve responses, or their responses following different training
paradigms. Additionally, I re-analysed all honeybee studies available in this field of research to assess
which aspects of LTM formation are reliably associated with Dnmts. I could show that Dnmts do
not regulate na¨ıve odour or sugar perception or the learning of new stimuli, but rather, Dnmts are
important for ’correct’ (e.g. stimulus-specific) LTM formation. Whether Dnmts facilitate or impair
stimulus-specific LTM, however, depends on the number of odour-sugar pairings during training.
Furthermore, Dnmts are involved in regulating both excitatory and inhibitory aspects of relearning.
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2.2 Introduction
The ability of honey bees to learn and form memories has been described and investigated in depth
for many years (for review see: Menzel (2012)). When bees forage they search for good food sources
and memorise their features such as color, shape and smell (Menzel, 2012). As bees show flower
constancy during foraging (Chittka et al., 1999) the ability to remember the features of a food source
is crucial. On the other hand, it is also essential for bees to be able to re-evaluate their behaviour, if
a food source no longer provides good quality food (Greggers and Menzel, 1993). Thus, extinction
(i.e. ’forgetting’) and re-acquisition are equally essential during foraging. At the same time, con-
sidering the inconsistent environment bees encounter (i.e. the slightly different smell of two flowers
of the same species), their ability to generalise stimuli belonging to the same category (e.g. type of
flower) and discriminate distinct stimuli is crucial (Spence, 1937; Shepard, 1987; Cheng, 2000). All
these different aspects and demands of foraging are reflected in bees cognitive capacities, and have
been well documented experimentally in free-flying bees (Menzel, 2012).
In an effort to investigate bee memory formation in the laboratory under controlled conditions, the
proboscis extensions response (PER) assay was developed (Bitterman et al., 1983). In this assay,
bees learn to associate an odour with a sugar reward. This odour-sugar association resembles the
olfactory learning taking place when a bee collects nectar from a flower during foraging (Eisenhardt,
2014). Over the years this assay has been optimised (Matsumoto et al., 2012) and much is known
today about olfactory reward learning in bees (for review see: Giurfa and Sandoz (2012)).
Depending on the conditions used during training, the dynamics of memory formation differ: multi-
ple, but not one, odour-sugar pairings cause a prolonged increase of protein kinase A (PKA)(Hildebrandt
and Mu¨ller, 1995; Mu¨ller, 2000). This suggests that different molecular pathways and dynamics may
underlie memory formation depending on the training conditions. Additionally, both few training
trials and short time-intervals between training trials are associated with a reduced stimulus-specific
memory (i.e. stronger generalisation to novel stimuli) (Perisse et al., 2009; Lefer et al., 2013).
This suggests an interrelatedness of training parameters with cognitive strategies like generalisation
(Wright et al., 2008).
Generalisation is the counterpart to stimulus discrimination (Cheng, 2000). This means it is de-
pendent on how perceptually similar stimuli are (e.g. different hues of blue, compared to yellow),
but additionally requires a cognitive categorisation of stimuli, which can be modified by experience
(Wright et al., 2008). With the PER assay, generalisation can be investigated by measuring the
stimulus-specificity of memory (i.e. how many bees respond to a learned in comparison to a novel
stimulus).
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Besides different aspects of memory formation, forms of relearning (e.g. extinction and re-acquisition
during reversal learning) can be investigated following olfactory reward conditioning with the PER
assay (Mota and Giurfa, 2010; Eisenhardt and Menzel, 2007). Extinction describes the reduction
in response to a previously learned stimulus when it is repeatedly presented without reward (Eisen-
hardt and Menzel, 2007). Reversal learning, on the other hand, is the repeated relearning of the
contingencies of stimuli (Mota and Giurfa, 2010). Extinction and reversal learning share common
characteristics in that a previously formed association needs to be changed. They also both require
processing in the mushroom bodies (MBs) a higher order brain center of bees (Devaud et al., 2007,
2015).
Despite numerous studies investigating the underlying behavioural, physiological and molecular pro-
cesses of memory formation in bees, little is known about how molecular processes are regulated.
Epigenetic mechanisms are crucial for transcriptional regulation (for review see: Rothbart and Strahl
(2014); Schu¨beler (2015)). They comprise mechanisms differing in stability, biophysical and bio-
chemical properties and can tightly and subtly regulate transcription, thus being good candidates
for regulating complex behaviours. In bees, histone acetylation and DNA methylation have been re-
lated to memory formation before (Lockett et al., 2010; Merschbaecher et al., 2012; Biergans et al.,
2012). Particularly, DNA methylation is important for stimulus-specific LTM formation (Biergans
et al., 2012) and extinction (Lockett et al., 2010). Both studies used the Dnmt inhibitor Zebularine
to investigate the role of Dnmts in memory formation. Here, I investigated in more detail the be-
havioural phenotypes these studies described. Specifically, I assessed whether the observed effects
after Dnmt inhibition are learning-dependent, replicable and robust. Furthermore, I re-analysed all
Dnmt inhibition experiments present to date to determine which functions of Dnmts during memory
formation are best confirmed by the data.
2.3 Results
Dnmts regulate stimulus-specific memory after appetitive olfactory conditioning indepen-
dent of the inhibitor used. Earlier research indicates that Dnmts are important for stimulus-
specific LTM formation (Biergans et al., 2012) and extinction (Lockett et al., 2010). But can we
extrapolate what the role of Dnmts in memory-formation and extinction is from these earlier results?
To determine this I performed a series of behavioural experiments investigating the behavioural phe-
notypes after Dnmt inhibition in more detail. Specifically, I wanted to investigate whether the effects
of Dnmt inhibition are learning-dependent, replicable and robust across different training conditions.
First, I focussed on the effect of Dnmt inhibition on stimulus-specific memory formation.
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Figure 2.1: Dnmts regulate stimulus-specific memory independent of the inhibitor used. (a) The
percentage of bees responding to the odour during both the training and test is shown. Bees were trained
with 6 trials of odour-sugar pairings and treated 2 hours after the training with 1 µl of Dnmt inhibitor
(RG108 or Zebularine), the solvent DMF or were left untreated. The training performance of the different
treatment groups was not significantly different, but there was a significant effect of training trials (glm,
factor training trial p<0.001). 24 hours after the training CS+ retention and the generalisation towards a
new odour were assessed. Control bees (i.e. DMF and untreated) responded significantly more to the CS+
than the new odour during the test showing stimulus-specific LTM (n=28 in both groups; McNemar test
p<0.05, effect size >0.6). This ability was impaired in bees treated with Dnmt inhibitors (n(RG108)=28,
n(Zebularine)=30; McNemar test p>0.05). (b) From the responses to the CS+ and the new odour during
the test the discrimination index (i.e. [PER to CS+] - [PER to new odour]) was calculated for each
individual (Mean +/- SEM). Bees treated with Dnmt inhibitors had an impaired discriminatory power
compared to solvent treated control bees (glm compared to DMF: RG108 p=0.042, effect size=0.56;
Zebularine p=0.102, effect size=0.42). * = p<0.05; ** = p<0.01; NS = p>0.05
I repeated the original experiment by Biergans et al. (2012) using two functionally different Dnmt
inhibitors (RG108, zebularine: 2mM in DMF) to ensure that the observed effect is independent of
the inhibitor used. Zebularine has been used at this concentration in two previous honey bee memory
studies (Lockett et al., 2010; Biergans et al., 2012). Zebularine binds Dnmts covalently and thus
prevents DNA methylation (Zhou et al., 2002; Ben-Kasus et al., 2005). RG108, on the other hand,
acts as an alternative substrate for Dnmts and the methyl-group is transferred to RG108 instead of
cytosine (Brueckner et al., 2005). I trained bees with six consecutive odour-sugar pairings separated
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by 10 minutes and treated them with 1 µl of Dnmt inhibitor, the solvent dimethylformamide (DMF)
or left them untreated. 24 hours following the training I tested bees’ memory retention - long-term
memory (LTM) test - by presenting them with the trained (CS+) and a new odour which was not
present during the training. As in a previous study (Biergans et al., 2012), the odours used in this
study were 1-hexanol and 1-nonanol. The odours were selected because bees show low levels of
generalisation between them (Guerrieri et al., 2005).//Bees were able to discriminate the CS+ from
the new odour in the two control groups (Fig. 2.1a, McNemar test p<0.05, effect size >0.6). After
Dnmt inhibition however, - independent of the inhibitor used - bees did not respond significantly
more to the CS+ as they strongly generalise to the new odour (Fig. 2.1a, McNemar test p>0.05).
To confirm this result I calculated the discrimination index (Biergans et al., 2012) by subtracting
the response to the new odour from the response to the CS+ for each individual bee (Fig. 2.1b).
Bee’s discriminatory power is significantly impaired in RG108 treated bees (generalised linear model
(glm) compared to DMF: p=0.042, effect size = 0.56). In zebularine treated bees the discriminatory
power is also impaired, but not significantly (glm compared to DMF: p=0.102, effect size = 0.42). I
thus here replicated that Dnmts are involved in the regulation of stimulus-specific long-term memory
formation in bees. I furthermore showed that this effect is present independent of the inhibitor used,
but - with the experimental paradigm used here - RG108 was more effective than zebularine. I will
therefore use only RG108 in the following experiments.
Dnmts do not regulate odour or sugar perception in the absence of learning. A possible
explanation for bees responding more to a new odour in the LTM test is that Dnmt inhibition
affects stimulus perception instead of memory formation. Previous experiments already approached
this hypothesis by training bees 24 hours after treatment with a Dnmt inhibitor. In these experiments
the training responses did not change after Dnmt inhibition (Lockett et al., 2010; Biergans et al.,
2012). Even though these experiments already suggest that Dnmts do not affect stimulus perception,
I here wanted to test this hypothesis systematically. Thus I treated bees with RG108 or the solvent
DMF and tested their na¨ıve odour (Fig. 2.2a) and sugar responses (Fig. 2.2b) 22 hours later.
Additionally, I used an unpaired paradigm where bees received odour and sugar separated by 5
min 6 times (Fig. 2.2c). In this paradigm no memory is formed (Hellstern et al., 1998), but the
stimulation is the same as in the training shown in Fig. 2.1. This way I can investigate whether
repeated exposure with the CS or US in the absence of learning is sufficient to initiate Dnmt activity,
or whether learning processes are required.
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Figure 2.2: Dnmts do not regulate odour or sugar perception in the absence of learning. (a) The
percentage of bees na¨ıvely responding to all odours used in this study is shown. Bees were treated with 1
µl of the Dnmt inhibitor RG108 or the solvent DMF 22 hours before the test, but no training took place.
Na¨ıve odour responses were not different after RG108 treatment (n(RG108)=65,43, n(DMF)=58,44; glm,
factor treatment: hexanol: p=0.802; nonanol: p=0.409; hexanone: p=0.577; heptanone: p=0.156). (b)
Bees were tested for their sugar responsiveness 22 hours after RG108 treatment. Increasing concentrations
of sugar water (0.3 - 30 %w/w) were presented to their antennae. Here the response threshold (i.e. first
concentration bees responded to) is shown (Mean +/- SEM). The sugar response threshold was not different
between RG108 and solvent treated bees (n(DMF)=28, n(RG108)=27; glm, p=0.314). (c) Although na¨ıve
odour responses were not affected by Dnmt inhibition the pre-exposure to the stimuli during training could
be sufficient to change the response in the test even in the absence of learning. To control for a possible
effect of pre-exposure I trained bees with an unpaired paradigm (i.e. 5 min between the CS and US, 6
trials), treated them with RG108 or the solvent 2 hours after training, and tested their response to the pre-
exposed and a new odour 22 hours later. The response did not differ between treatments (n(RG108)=60,
n(DMF)=57; glm, factor treatment: CS+: p=0.118; new: p=0.096).
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In all cases - na¨ıve odour response, sugar responses threshold and unpaired test response -
bees’ behaviour did not differ between Dnmt inhibitor treated and control bees (Odour preference:
glm, factor treatment: hexanol: p=0.802; nonanol: p=0.409; hexanone: p=0.577; heptanone:
p=0.156; Sugar response: glm, factor treatment: p=0.314; Unpaired test: glm, factor treatment:
CS+:p=0.118; new: p=0.096). Thus, the effect observed after Dnmt inhibition is likely to be
learning-dependent.
Dnmts regulate stimulus-specific memory bidirectionally depending on the training condi-
tions. Next, I was interested in whether the effect of Dnmts on stimulus-specific memory formation
is robust against changes in training parameters. This would suggest that Dnmts play a more generic
role in olfactory stimulus-specific memory formation. To investigate this question, I utilised two vari-
ations of the initial training paradigm, which are suggested to have distinct underlying molecular
pathways. First, I tested one trial training (i.e. only one odour-sugar pairing, Fig. 2.3a). As de-
scribed before (Perisse et al., 2009; Lefer et al., 2013), control bees had a weak stimulus-specific
memory 24 hours after one trial training (Fig. 2.3c). After Dnmt inhibition, however, bees formed a
stimulus specific memory; successfully discriminating between the CS+ and a new odour (McNemar
test, p=0.011, effect size=0.32). Specifically, the number of bees responding correctly only to the
CS+ increased after RG108 treatment (Fig. 2.3e, Chi2-test, p=0.014, effect size=0.37). Thus,
Dnmt inhibition facilitated stimulus-specific LTM in this case. This suggests that - depending on
the training conditions - Dnmts can regulate stimulus specific LTM formation bidirectionally.
Next, I tested massed training (i.e. reduced interval between training trials), which also induces a
stronger generalisation than spaced training (Lefer et al., 2013). I trained bees with 6 odour-sugar
pairings as before, but here training trials were separated by 1 minute only (Fig. 2.3b). As with
spaced training, however, stimulus-specific memory formation was impaired after Dnmt inhibition
and discriminatory power was significantly lower compared to control bees (Fig. 2.3d, glm, p=0.008,
effect size=0.56). Both the number of bees responding ’correctly’ only to the CS+ was reduced
(Chi2-test, p=0.008, effect size=0.56), and the number of bees responding ’falsely’ to both test
odours was increased after Dnmt inhibition (Fig. 2.3f, Chi2-test, p=0.026, effect size=0.46). Thus,
the inter-trial interval did not affect the directionality of Dnmt regulation during memory formation,
as the number of training trials did.
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Figure 2.3: Dnmts regulate stimulus-specific memory bidirectionally. (a) Bees were trained with
just one CS-US pairing (b) or six CS-US pairings with a reduced inter-trial interval (ITI) of 1 minute
(i.e. massed conditioning). 2 hours after training bees were treated with the Dnmt inhibitor RG108 or
the solvent DMF and tested after 24 hours for memory retention (i.e. CS+ response) and generalisation
(i.e. new response). (c) Solvent treated bees did not show stimulus-specific memory in the 24 hours test
following one CS-US pairing, but after Dnmt inhibition bees were able to discriminate between the CS+
and new odour (n(DMF)=94, n(RG108)=102, PER CS-new: McNemar test, p=0.011, effect size=0.32;
discrimination index: glm, p=0.042, effect size=0.29). (d) In contrast, bees’ stimulus-specific memory was
impaired in RG108 treated bees after massed training (n(DMF)=56, n(RG108)=42; glm, p=0.008, effect
size=0.56), as it was after spaced training (10 minute ITI, Fig. 2.1). (e) Analysing the bees’ response
after one CS-US pairing in more detail, it becomes apparent that bees responded more often only to the
CS+ after Dnmt inhibition (Chi2-test, p=0.014, effect size=0.37). (f) After massed training, on the other
hand, bees responded less to the CS+ only (Chi2-test, p=0.008, effect size=0.56) and more often to both
odours (Chi2-test, p=0.026, effect size=0.46).
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Dnmts regulate both extinction and re-acquisition. The results in Fig. 2.3 suggest that Dn-
mts robustly regulate stimulus-specific memory formation following different variations of olfactory
reward training. The directionality of the regulation, however, depended on the number of training
trails. Next, I was interested in whether Dnmts also regulate relearning bidirectionally. In other
words, do Dnmts regulate both the reduced response to a previously learned odour (’extinction’)
and the increased response to a previously forgotten odour (’re-acquisition’). Reversal learning is a
training paradigm which incorporates both components of relearning. It consists of several training
phases. Here I trained bees three times, where each training was separated by 24 hours (Fig. 2.4a).
During each training the bees received one rewarded (CS+) and one unrewarded odour (CS-). The
contingencies of odours were reversed in every training so that the odour which was rewarded the
day before was now unrewarded and the unrewarded one now rewarded. Solvent treated control bees
were able to perform reversal learning and showed the correct responses to the odours at the end
of each training. After Dnmt inhibition, however, bees were not able to learn the reversed contin-
gencies of the odours during the 2nd training, performing significantly worse than control bees (glm,
p<0.001, effect size=0.54), and were also significantly slower in learning during the 3rd training
compared to control bees (glm, p=0.005, effect size=0.40).
Reversal learning consists of two components - an excitatory (i.e. increasing the response to the
previously unrewarded odour) and an inhibitory component (i.e. decreasing the response to the
previously rewarded odour) (Mota and Giurfa, 2010). Thus, I analysed these components separately
in order to investigate whether Dnmts are involved in the regulation of either or both. I calculated
the learning score for each training day and stimulus by subtracting the bees response in the first
trial from its response in the last training trial (i.e. a higher score equals stronger learning). Dnmt
inhibition caused an impairment of the excitatory component during the 3rd and of the inhibitory
component during the 2nd and 3rd training (Fig. 2.4b; excitatory: day 2: p=0.050, effect size=0.27;
inhibitory: day 2: p=0.004, effect size=0.39, day 3: p=0.013, effect size=0.35). Thus, both ex-
tinction (i.e. inhibitory component) and re-acquisition (i.e. excitatory component) were affected by
Dnmts in this experiment.
Next, I investigated whether the response after memory consolidation is also affected by the treat-
ment induced impairments observed during training. Thus, I calculated a memory score by sub-
tracting the bees response in the last training trial from its response in the first training trial 24
hours later (Fig. 2.4c; Memory score = 0 equals same response 24 hours after training). The bee’s
response at the end of the 1st training largely reflected the response at the beginning of the second
training (Fig. 2.4c ’1st 24 h’).
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Figure 2.4: Dnmts regulate the relearning of previously learned stimuli. (a) Bees were trained with a
reversal training paradigm. On the first day bees were trained to one rewarded (CS+) and one unrewarded
odour (CS-). 24 hours after that those odours were retrained but now the initial CS+ was unrewarded and
the initial CS- was rewarded. Thus, the bees needed to relearn the contingencies of the odours. On day
3 the contingencies were reversed again and the initial CS+ was rewarded and the initial CS- unrewarded.
Solvent treated control bees performed well in both reversals and responded correctly at the end of each
training. RG108 treated bees, however, did not manage to reverse the contingencies of the odours on day 2
and performed significantly worse than control bees (n(DMF)=107, n(RG108)=119, glm, p<0.001, effect
size=0.54).
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Figure 2.4: On day 3 they managed the reversal but did so significantly slower than control bees (glm,
p=0.005, effect size=0.40). (b) In order to analyse which aspects of learning were impaired by RG108
treatment I calculated the learning scores (i.e. last - first training trial) for the excitatory and inhibitory
components in each training as described previously (Mota and Giurfa, 2010). The excitatory component
(i.e. increasing the response to a rewarded odour) was impaired by RG108 treatment only during the 3rd
training (glm, p=0.050, effect size=0.27). The inhibitory component (i.e. decreasing the response to an
unrewarded odour) was impaired during the 2nd and 3rd training (glm, day2: p=0.004, effect size=0.39,
day 3: p=0.013, effect size=0.35). (c) Last, I analysed whether the response seen at the end of each
training period differed from the response 24 hours later (i.e. at the beginning of the next training). I
calculated the memory score (i.e. first training trial - last training trial 24 hours before) for each period
between trainings. RG108 treatment did not change the response to the CS+ or the CS- over the 24 hours
after training 1. During the second 24 hours, however, RG108 treated bees changed their response to the
unrewarded odour, but control bees did not (glm, p=0.032, effect size=0.26). Indeed, whereas RG108
treated bees were not able to reverse the contingencies of the odours during the 2nd training, they showed
the ’correct’ response at the beginning of the 3rd training.
24 hours following the 2nd training, however, bees memory retention was improved for the initial
CS+ (Fig. 2.4 ’2nd 24 h’, glm, p=0.032, effect size=0.26). Here RG108 treated bees, which strongly
responded to the now unrewarded initial CS+ during the 2nd training, showed a strongly reduced
responses to that odour at the beginning of the 3rd training. This suggests that the impairment of the
inhibitory learning component during the 2nd training is compensated during memory consolidation
as bees show the ’correct’ behavioural response 24 hours after the training.
An impairment of reversal learning after Dnmt inhibition could indicate that Dnmts are either
important for relearning of previously learned stimulus or for the ability to learn in general. So far
there is more evidence for the first hypothesis, as Dnmts are not necessary during acquisition in
na¨ıve bees (Lockett et al., 2010; Biergans et al., 2012). In the paradigm used here however bees
learned in the context of previous training. Thus, I wanted to test whether in this scenario Dnmts
are important for acquisition. I trained bees as described before with a differential training paradigm
including a rewarded odour (CS+) and an unrewarded odour (CS-). On day two however - instead
of re-training the previously used odours - I trained bees with two new odours (Fig. 2.5a). Both
the solvent treated control bees and RG108 treated bees were able to learn to discriminate the new
odours in the 2nd training. None of the learning components was impaired by Dnmt inhibition (Fig.
2.5b). Thus, Dnmts seem to be important for the relearning of previously learned stimuli, but not
for acquisition in general.
45
Chapter 2: DNA methylation adjusts memory specificity and promotes relearning
Figure 2.5: Dnmts do not regulate the learning of new odours. To confirm that Dnmts are involved in
relearning of previously learned stimuli, but not in acquisition in general, I trained bees with a differential
conditioning paradigm as in Fig. 2.4, but trained them with two new odours on day 2. Bees were able to
learn to discriminate the two new odours with and without active Dnmts. (b) Neither the excitatory nor the
inhibitory components of learning were impaired by Dnmt inhibition on the 2nd training day. n(DMF)=39,
n(RG108)=44
A role of Dnmts in ’correct’ LTM formation, reversal learning and extinction MTM is
supported by the experimental data to date. In this study, I presented individual experiments
suggesting that Dnmts regulate stimulus-specific LTM and relearning, but do not affect stimulus
perception or acquisition of new stimuli. In order to compare these results to the body of data
available so far, I performed a meta-analysis. I re-analysed previously published data (Lockett et al.,
2010; Biergans et al., 2012), additional experiments performed by me (summarised in Appendix Fig.
8.2 - 8.5) and all experiments shown here. I formed three categories: (1) experiments testing LTM
retention (Fig. 2.6a,b), (2) experiments testing relearning (Fig. 2.6c,d) and (3) control experiments
(Fig. 2.6e,f). All experiments compared here used odour reward conditioning and the PER as a
behavioural read-out.
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Figure 2.6: Correct LTM formation and relearning are both facilitated by Dnmts. All PER experi-
ments shown in this study, published previously (Lockett et al., 2010; Biergans et al., 2012) or performed
additionally (summarised in Appendix Fig. 8.2 - 8.5), were re-analysed in order to gain an overview of
which roles Dnmts have that are best supported by the data. The percentage of bees responding ’correctly’
was calculated for each treatment. What a ’correct’ response was differed between experiments and is
further explained in the method section. This analysis was chosen as experiments using different training
and test paradigms can be compared. (a,c,e) The % of correct responses for the solvent and inhibitor
treated groups are plotted against each other. Each mark represents one experiment (inhibitor: x=RG108,
o=zebularine). The experiments differed in the treatment time point (yellow=before, green=before+after,
blue=after training). (a) Solvent treated bees responded ’correctly’ more often than inhibitor treated bees
in most experiments testing LTM retention after (multiple trial) olfactory appetitive conditioning. (b)
This was also evident when pooling the difference between the correct responses in inhibitor and solvent
treated bees of all multiple trial training experiments (n=21, one sample t-test, p<0.001). (c,d) When
comparing all relearning experiments reversal learning (n=2, one sample t-test, p=0.028) and extinction
MTM (n=5, one sample t-test, p=0.070) were most consistently impaired by Dnmt inhibition, whereas
the results for extinction learning (n=5, one sample t-test, p=0.665) differed depending on the treatment
time. (e,f) Control experiments so far tested potential Dnmt inhibition effects on STM, acquisition or
perception. None of which showed a consistent effect of Dnmt inhibition (n(STM)=2, n(Acquisition)=10,
n(Perception)=4; one sample t-test, STM: p=0.951, Acquisition: p=0.343, Perception: p=0.672.
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They differed, however, in the training paradigm used (i.e. absolute or differential) and the
stimuli tested (CS+, CS-, new odour, sugar). To make them comparable I calculated the % of bees
responding correctly in the inhibitor treated group of each experiment and plotted it against the %
of bees responding correctly in the solvent treated group (Fig. 2.6). A correct response differed
depending on which training paradigm was used (e.g. after absolute conditioning: response to the
CS+, but not the new odour; more explanation in methods section). The individual experiments
further differed in the inhibitor used (i.e. RG108 (x) or Zebularine (o)) and the treatment timepoint
(i.e. before (yellow), before+after (green) or after (blue) training). Comparing inhibitor and solvent
treated bees for each experiment testing LTM retention, most experiments showed a reduction of
’correct’ responses after Dnmt inhibition (Fig. 2.6a,b, one sample t-test, p<0.001). Thus, most
data to date supports a role of Dnmts in facilitating ’correct’ LTM formation (e.g. stimulus-specific
memory after absolute conditioning). The same was true for Dnmts role in extinction mid-term
memory (MTM)(Fig. 2.6c,d, red circles, one sample t-test, p=0.070) and reversal learning (Fig.
2.6c,d, one sample t-test, p=0.028). For extinction learning, however, data are inconsistent, with
some experiments showing a reduction in extinction and some an increase after Dnmt inhibition (Fig.
2.6c,d, one sample t-test, p=0.665). The difference here may be due to the treatment time-point.
In order to control for a potential effect of Dnmts on acquisition or stimulus perception, all control
experiments performed were also pooled (Fig. 2.6e,f). There was no consistent effect on short-term
memory, acquisition or perception.
2.4 Discussion
In this study I present an in depth behavioural analysis of the role Dnmts fulfil in honey bee learning
and memory formation. Using olfactory reward conditioning I showed that Dnmts regulate stimulus-
specific long-term memory (LTM) in a learning-dependent manner (Fig. 2.2), independent of the
inhibitor used (Fig. 2.1) and robustly under changing training parameters, whereas the directionality
of the regulation depended on the trial number during training (Fig. 2.3). Additionally, I show that
Dnmts not only regulated extinction and thus the inhibitory component of relearning, but also the
excitatory component in a reversal learning paradigm (Fig. 2.4). Furthermore, I re-evaluated the ev-
idence available to date focussing on the role of Dnmts in olfactory reward conditioning and showed
that Dnmts consistently play a role in ’correct’ long-term memory formation (e.g. stimulus-specific
memory formation), reversal learning and extinction MTM, whereas its role in extinction learning
remains controversial at this point (Fig. 2.6).
Dnmt inhibition did not affect na¨ıve odour and sugar responses or odour responses after unpaired
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training (i.e. no memory formation). This result confirms earlier studies showing that acquisition is
not affected by Dnmt inhibition 24 hours before (Lockett et al., 2010; Biergans et al., 2012), which
argues against an effect of Dnmts on na¨ıve stimulus perception. This suggests that Dnmt activity
(and/or expression) is induced by learning. Indeed, it has recently been shown that Dnmts and also
the demethylation protein Tet are upregulated after olfactory reward conditioning (Biergans et al.,
2015).
It has been shown previously that Dnmts regulate stimulus-specific LTM after olfactory reward con-
ditioning (Biergans et al., 2012, 2015). The directionality of this regulation, however, here depended
on the number of training trials, whereas it was independent of the inter-trial interval (Fig. 2.3).
After one odour-sugar pairing control bees formed a weak stimulus-specific memory, which confirms
earlier studies (Perisse et al., 2009; Lefer et al., 2013). Following Dnmt inhibition, however, bees
were able to discriminate between the trained and a new odour. Thus, Dnmts seem to counteract
stimulus-specific memory formation after 1 trial training and facilitate it after multiple trial training.
Differences in molecular pathways between one and multiple trial training have been described before:
multiple trial training induces long-lasting PKA and PKC activity and is counter-acted by protein
degradation, whereas one trial training is not (Gru¨nbaum and Mu¨ller, 1998; Hildebrandt and Mu¨ller,
1995; Mu¨ller, 2000; Felsenberg et al., 2012). At this point there is not enough information about
honey bee Dnmts to form a conclusive theory about how Dnmts may regulate stimulus-specific
memory bidirectionally. There are, however, two interesting possibilities: (1) Dnmts have been
shown in vitro to have demethylating activity, additionally to their predominant methylating activity
(Chen et al., 2013). This reversal in function is related to Ca2+ levels. Interestingly, differences in
stimulus-specific memory formation between one and multiple trial training have also been related to
differing Ca2+ levels after training (Perisse et al., 2009). Thus, there may be a relationship between
the Ca2+ levels present in neurons after training and the Dnmt methylase/demethylase activity. It
has to be noted though that Dnmt demethylase activity has only been described under specific con-
ditions in vitro yet. (2) Another possibility is that the different molecular pathways triggered after
one and multiple trial training (Mu¨ller, 2000; Perisse et al., 2009; Hildebrandt and Mu¨ller, 1995;
Felsenberg et al., 2012) cause Dnmts to target different genes. Interestingly, it has been shown
previously that certain histone modifications also follow different dynamics after one and multiple
trial training (Merschbaecher et al., 2012).
Besides stimulus-specific memory formation Dnmts have been previously described to regulate ex-
tinction in bees (Lockett et al., 2010). Extinction is a form of relearning during which bees need
to re-evaluate a previously rewarded stimulus as being not rewarded any more. Compared to this,
during reversal learning, bees have to re-evaluate two stimuli repeatedly, with one being rewarded
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and the other one not. Evidence from both extinction and reversal learning studies favours the
idea that ’positive’ and ’negative’ memories of a stimulus are present in parallel (Stollhoff et al.,
2005; Mota and Giurfa, 2010). I could show here that Dnmts not only regulate extinction, but also
re-acquisition (Fig. 2.4). My data suggests that both the inhibitory component of reversal learning
(i.e. extinction) and the excitatory component (i.e. re-acquisition) are regulated by Dnmts. There
are two main possibilities how Dnmts may regulate these processes: (1) Dnmts could affect the
balance between opposing memory traces for a stimulus. This could cause a behavioural dominance
of the most recent association learned over older memories during training. (2) Dnmts could be
involved in de-constructing the older memory trace. Further experiments investigating extinction
and reversal learning and the underlying molecular mechanisms are needed to gain insight into what
the specific function of Dnmts is here. Interestingly, even though relearning was impaired during the
training, memory recall 24 hours after training was not, whereas subsequent relearning was again
repaired. Thus, it seems as if Dnmts here regulate pathways needed during relearning, but that the
memory is consolidated correctly during the hours after training.
Notably, only the relearning of previously learned stimuli was impaired here, but not bee’s general
ability to learn (Fig. 2.5). This suggests that Dnmts set methylation marks in neurons active during
training (e.g. neurons responding to a particular odour) and thus potentially create a memory trace
on the level of the chromatin mirroring the activity of that neuron over time.
With ’correct’ LTM formation and relearning, two distinct groups of behaviours are supported by
a growing body of evidence as being regulated by Dnmts after olfactory reward conditioning in
bees (Fig. 2.5). Further studies will need to investigate how exactly Dnmts are regulating these
behaviours and whether the same Dnmt targeted genes affect both behaviours, or whether distinct
sets of genes are required for each. Furthermore, it will be crucial to investigate the role Dnmts play
in learning paradigms utilising different CS (e.g. visual instead of olfactory stimuli) and US (e.g.
electro-shocks instead of sugar water). This will allow us to determine in which neuronal networks
and brain centres Dnmts are active and whether they regulate the same processes (i.e. memory
specificity and relearning) independent of the sensory modalities involved during training.
2.5 Material and Methods
Odour reward conditioning and memory retention test Experiments were performed either at
the University of Queensland (Brisbane, Australia) or the Universita¨t Konstanz (Germany). Honey
bees (Apis mellifera) were caught outside the hive and put on ice until they were immobilized. Bees
were harnessed in plastic tubes so that they could only move their head, but with their thorax
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still accessible. They were fed until saturation and kept over night in a humid plastic box, or an
incubator depending on where the experiment was performed. The next day bees were trained using
an appetitive olfactory training paradigm. The exact training parameters were different for each
experiment (summarised in Tab. 2.1). In all experiments the odour was presented for 4 s and sugar
reward (1 mM) for 3 s. Odours (all Sigma-Aldrich) were dissolved in hexane for the experiments
performed in Australia and in mineral oil (in all cases diluted 102) for those performed in Konstanz.
Table 2.1: Overview over training parameters. For each experiment presented here the Number of
trials (NoT), inter-trial interval (ITI), inter stimulus interval (ISI) and location, where the experiment was
performed, is shown.
Figure NoT ITI (min) ISI (s) Location
1 6 10 2 Australia
2c 6 10 300 Germany
3a 1 NA 2 Australia
3b 6 1 2 Germany
4 6 (differential) 10 2 Australia
5 6 (differential) 10 2 Germany
During each experiment the bees experienced a constant air-flow in order to avoid mechanical
stimulation at odour onset. 24 hours after training bees were tested for memory retention by
presenting them with the CS+ (trained odour) and a new odour (randomised order), which was not
present during the training. 1-hexanol and 1-nonanol were alternated as CS+, CS- or new odour
respectively, except for the experiment shown in Fig. 2.1, in which only 1-hexanol was used as CS+.
Additionally for the control experiments shown in Fig. 2.5 1-heptanone and 1-hexanone were used
on the second day for training.
Control experiments During the control experiments investigating whether Dnmt inhibition af-
fects odour perception (Fig. 2.2), bees did not receive olfactory appetitive training. Instead, bees
were tested for ’na¨ıve’ odour or sugar responses 22 hours after treatment - equivalent to the time
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trained bees were tested after treatment. For the odour preference test, bees were tested for their
spontaneous odour responses to all 4 odours used here in two separate experiments. 1-hexanol and
1-nonanol were always tested together and their order was alternated across bees (the same for
1-hexanone and 1-heptanone). For their sugar response bees were tested with increasing concen-
trations of sugar water (0.1, 0.3, 1, 3, 10, 30 %w/w). Bee’s antennae were touched with a tooth
pick soaked in sugar water and it was recorded whether or not bees extended their proboscis in
response. Before and after the test, as well as after each individual sugar concentration, bees were
tested for their response to water. Bees responding more than twice to water were discarded from
the experiment.
Treatment 2 hours after training and 22 hours before the control experiments bees were treated
with 1 µl of the Dnmt inhibitor (RG108 or zebularine, 2 mM in DMF, Sigma-Aldrich) or the solvent
DMF on the thorax as described before (Lockett et al., 2010; Biergans et al., 2012, 2015). Treatment
2 hours after training was determined as most effective in a comparison of 7 different treatment
timepoints (Appendix Fig. 8.1).
Data analysis For all experiments the % of bees responding to the odours in the test and training
was calculated. Furthermore, a discrimination index was calculated. The response of each individual
bee to the new odour was subtracted from its response to the CS+. All data was analysed using
generalised linear models, if treatment groups were compared. To compare the response to the CS+
and new odour within one treatment group, a McNemar test was used. The McNemar test is suitable
to compare binary, paired data. For the meta-analysis I gathered all honeybee data investigating
the role of Dnmts in memory formation, including published data by Lockett et al. (2010) (data
kindly provided by Maleszka and colleagues) and Biergans et al. (2012), data presented in this
study (data of Fig. 2.3b,d,f collected by Ulrike Schlegel and of Fig. 2.5 by Sabrine Kurzeja) and
additional preliminary data (collected with help from Nadine Treiber). An overview over all data
sets used for the meta-analysis is shown in Appendix Fig. 8.2 - 8.5. I calculated the number of
’correct’ responses within each experiment and experimental group. A correct response in differential
conditioning experiments was a bee responding to the CS+ and not to the CS-, whereas in absolute
conditioning experiments it was a bee responding to the CS+, but not to the new odour. During
extinction learning and MTM tests the ’correct’ response was not responding to the CS+. During
the odour preference test a bee was counted as responding correctly, when it did not respond to any
odour. During the sugar test a correct response was a PER to the sugar stimulus. Using this method
I was able to compare data obtained by different training paradigms and assess the overall evidence
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for the effect of Dnmt inhibition. To quantify the level of agreement between different studies I
calculated the difference in the correct responses of inhibitor and solvent groups for each experiment
and pooled them. A one-sample t-test was used to test whether the effect shown in those studies is
reliably different from 0. The effect size (Cohen’s D, (Navarro, 2015)) was calculated for all effects
reaching the 0.05 significance level. As a guideline Cohen (1992) defined effects sizes below 0.2 as
negligible, between 0.2 - 0.5 as small, between 0.5 - 0.8 as medium and above 0.8 as large. The
effect size can be used as an estimate of the real difference between the tested groups. All analysis
was performed using custom written R-scripts (R Core Team, 2015).
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Dnmts mediate neural processing after
odour learning in the honeybee - a brain
imaging study
3.1 Abstract
DNA methyltransferases (Dnmts) - epigenetic writers that catalyse the covalent transfer of methyl-
groups to DNA bases - regulate stimulus-specific olfactory long-term memory and relearning in
bees. Some molecular mechanisms underlying this regulation have been revealed only recently;
but the network properties targeted by Dnmts during memory formation remain unknown. Here, I
investigated how Dnmts impact plasticity in the primary olfactory center - the antennal lobe (AL) -
of bees. The AL is crucial for odour discrimination, which is an indispensable process in stimulus-
specific LTM retention. I show here that Dnmt inhibition impairs early odour pattern separation in
trained bees. Furthermore, the number and response strength of glomeruli was reduced in response
to a novel odour. These observations lead to the hypothesis that Dnmts might regulate a form of
homoeostatic plasticity involving heterogenous inhibitory interneurons in the AL network.
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3.2 Introduction
The morphology and physiology of the network underlying olfactory processing and memory for-
mation has been studied in great detail in honey bees (for review see: Galizia (2014)). Olfactory
receptor neurons (ORNs) detect odours at the antennae and transmit this information to the pri-
mary olfactory processing center; the antennal lobe (AL). In the AL, odour information is coded
in a spatial pattern of glomerular activity. The AL consists of a network of largely inhibitory local
interneurons (LNs) and of output projection neurons (PNs). PNs then transmit pre-processed in-
formation about olfactory input to the mushroom body (MB), which converges information from
several brain centres and plays a crucial role in memory formation.
The spatial representation of odours in patterns of network activity (Galizia et al., 1999), suggests a
crucial role of the AL in odour identity processing. Indeed, the representations of individual odours
are more distinct after processing in the AL compared to the initial inputs from ORNs (Sachse and
Galizia, 2003). A crucial component of AL processing is the network of inhibitory LNs, which has
been associated with odour discrimination by both modelling approaches (Linster et al., 2005; Mar-
tinez, 2005) and studies using GABA receptor blockers (Stopfer et al., 1997; Hosler et al., 2000).
Odour identity in the brain is not only coded by distinct spatial patterns, but also by temporal
response features (Stopfer et al., 1997; Nawrot, 2012). Odour pattern separation is fast and reaches
its maximum about 150 ms after odour onset in PNs (Krofczik et al., 2009; Strube-Bloss et al.,
2012). Behavioural studies suggest that bees indeed use this initial information for odour discrimi-
nation: bees can discriminate odours which are present for just 200 ms and have average response
latencies (i.e. time till they extend their proboscis) of 401-470 ms after training (Wright et al., 2009;
Strube-Bloss et al., 2011).
Besides, and in conjunction with odour discrimination, the AL is also involved in olfactory memory
formation (Erber et al., 1980; Hildebrandt and Mu¨ller, 1995; Hammer and Menzel, 1998; Devaud
et al., 2007; Malun et al., 2002). Despite behavioural evidence for the importance of AL in memory
formation and odour discrimination, it has been difficult to establish this connection on the physio-
logical level and data is controversial at this point. Several studies could find learning-related (Faber
et al., 1999; Sandoz et al., 2003; Fernandez et al., 2009; Denker et al., 2010; Rath et al., 2011)
or exposure-related plasticity (Gala´n et al., 2006; Arenas et al., 2009; Locatelli et al., 2013) in AL
responses, whereas others failed to do so (Peele et al., 2006; Hourcade et al., 2009). Those studies
differed in the type of response they were measuring (i.e. AL input vs. output) and in the time point
(i.e. phase of memory formation) they investigated. Studies focussing on the AL input found both
short- and long-term plasticity (Faber et al., 1999; Sandoz et al., 2003; Arenas et al., 2009)(but
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see: Hourcade et al. (2009)). On the level of the AL output, however, learning-related plasticity
has been described between 2 - 10 hours after training (Fernandez et al., 2009; Rath et al., 2011),
but was not observed earlier (Peele et al., 2006). To my knowledge there are no studies to date
focussing on plasticity in the AL output neurons after 24 hours or more (i.e. LTM) in honey bees.
Even though we have much information on the role of different brain centres and neuronal popula-
tions during olfactory memory formation in bees, many aspects remain elusive: one is how the brain
balances plasticity and stability in the brain. Hebbian plasticity favours increased excitation and
stably increased synaptic connections, but on the other hand the brain needs to remain a flexible
system with a set overall activity. Recent models of neuronal networks highlight the importance of
homoeostatic plasticity in keeping this balance (Tully et al., 2014; Zenke et al., 2015). Homeostatic
plasticity describes changes in response to altered activity levels (e.g. synaptic scaling, excitability
adjustment, adjustment of overall inhibition in the network) with the aim to achieve cell and network
stability (Guzman-Karlsson et al., 2014; Yin and Yuan, 2015). Hebbian and homeostatic plasticity are
assumed to be initiated in parallel and by overlapping processes, but effective at different time-scales
(for review see: Guzman-Karlsson et al. (2014)). This temporal relationship harbours a tremendous
need for regulation. Epigenetic mechanisms are prime candidates for regulating these overlapping
but distinct processes, as they have the potential to integrate and adjust cellular processes over
time and in response to the overall cellular state. This clearly separates nuclear processes (e.g.
transcription and its regulation) from processes which occur at specific synapses (e.g. local protein-
synthesis). A transcriptional regulator - DNA methylation catalysed by DNA methyltransferases
(Dnmts) - regulates stimulus-specific LTM formation (Biergans et al., 2012, 2015) and extinction
(Lockett et al., 2010) in bees. Interestingly, Tet-mediated active demethylation, which counter-
acts DNA methylation, has been recently shown to affect a mechanism of homeostatic plasticity -
synaptic scaling - in vitro (Meadows et al., 2015; Yu et al., 2015). In honey bees, both Dnmts and
Tet are upregulated in the hours following olfactory reward conditioning in a specific temporal order
(Biergans et al., 2015). We proposed in an earlier study that Dnmts may normalise transcription
levels of genes activated after training, in order to avoid excess neuronal activity and connectivity
(Biergans et al., 2015). This hypothesis shows striking similarities with the concept of homoeostatic
plasticity.
To understand what network parameters Dnmts are regulating during memory formation, I investi-
gated odour responses in the AL output neurons 2 days after olfactory reward conditioning with and
without functional Dnmts. As the AL is crucial for odour discrimination and involved in olfactory
learning, it is a good candidate for investigating Dnmt regulation of stimulus-specific LTM forma-
tion. This study shows that Dnmt inhibition with RG108 affects odour response pattern separation
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between a trained and a new odour. Furthermore the overall number of glomeruli responsive to
the new odour was reduced after Dnmt inhibition, as well as the response strength. Interestingly,
there was no change in the response to the learned odour. These results suggest an involvement
of Dnmts in the regulation of asymmetric inhibition during memory formation. Specifically, the
inhibitory network of the AL may undergo compensatory homoeostatic plasticity several hours after
olfactory reward conditioning regulated - at least partly - by Dnmts.
3.3 Results
Dnmt inhibition impairs stimulus-specific memory formation in bees. Behavioural studies
show that Dnmts are involved in the regulation of stimulus-specific LTM (Biergans et al., 2012,
2015). If Dnmts are pharmacologically inhibited following multiple trial olfactory reward conditioning,
bees’ stimulus-specific memory is impaired and they generalise more to a novel odour not present
during the training. But which network properties in the brain do Dnmts regulate during stimulus-
specific LTM formation? To approach this question I investigated the role of Dnmts in the primary
olfactory centre (antennal lobe, AL) of bees. Odour identity processing - and particularly odour
discrimination - is an integral task of the AL. Processing in the AL has been suggested to increase
the contrast and thus the ability to discriminate between odour response patterns (for review see:
Galizia (2014)). Interestingly, the similarity of odour patterns in the AL changes after olfactory
reward conditioning or odour exposure (Fernandez et al., 2009; Rath et al., 2011; Locatelli et al.,
2013). Plasticity in odour discrimination may be crucial during stimulus-specific memory formation. I
therefore hypothesize that Dnmts might regulate changes in odour identity processing in the AL after
olfactory reward conditioning and thus support stimulus-specific memory formation. To investigate
this hypothesis I used Ca2+-imaging of AL output neurons (projection neurons, PNs).
To assess the contribution of Dnmts in regulating odour identity processing, I applied a Dnmt
inhibitor (RG108) as described in Chapter 2. Bees were treated with the inhibitor or a solvent (DMF)
2 hours after olfactory reward conditioning (experimental work flow: Fig. 3.1a). I sampled from two
behavioural groups (i.e. paired and unpaired) in parallel, with both groups containing RG108 and
DMF treated bees. Paired training (i.e. 2s overlap between CS and US) causes memory formation,
and unpaired training (i.e. 5 minute gap between CS and US) does not, but has the same number,
types and rhythm of stimuli as paired training, thus serving as stimulus control. In comparing paired
and unpaired groups I could assess whether Dnmts regulate associative (i.e. memory-dependent) or
non-associative components (e.g. adaptation to the odour) of memory formation.
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Figure 3.1: RG108 treatment impairs stimulus-specific memory and extinction in bees. (a) In order
to assess whether Dnmts are important for early odour identity processing in the brain, bees were trained
using olfactory reward conditioning. One group of bees received paired training (2s overlap between stimuli)
and another group unpaired training (5min gap between stimuli). Both groups were trained in parallel.
2 hours after training bees were treated with the Dnmt inhibitor RG108 or the solvent DMF. 24 hours
after the training PNs were stained with the Ca2+-sensitive dye Fura Dextran. 24 hours following the
staining bees were exposed to odours using a custom build olfactometer (b) while either their M17 or AL
activity was recorded. First, bees were exposed to the trained odour (CS+), a novel odour (New) and the
odour solvent mineral oil (Minoil) in randomised order followed by the binary mixture of CS+ and new.
After the test bees received an extinction training comprising of a 6 times CS+ presentation. Stimuli were
separated by 1 minute. (b) During the test and extinction period bees AL was imaged using a fluorescence
microscope. Fura dextran in the AL was excited with 340 and 380 nm light (blue arrow) and the emitted
light (green arrow) was recorded by a CCD camera. In a separate group of bees the PER muscle (M17)
activity was recorded instead as a behavioural control of Dnmt inhibition efficiency. For M17 recordings
two 0.2 mm thin insulated silver wires were inserted; one into the back of the head capsule between the
lateral ocellus and compound eye (orange line) and a second one into the opposite eye as reference (purple
line).
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Figure 3.1: (c) The M17 spike frequency is shown for all stimuli 48 hours after conditioning (Mean +/-
SEM). 48 hours after olfactory reward conditioning, RG108 treated bees responded significantly more to
the new odour compared to solvent treated bees (glm, p=0.041, effect size=0.464). In addition, extinction
learning was impaired over time in the paired group (glm, p=0.019, effect size=0.243). Number of bees:
paired n(RG108)=19, n(DMF)=26; unpaired n(RG108)=15, n(DMF)=13
Bees AL activity 48 hours after olfactory reward conditioning was measured using Ca2+-imaging
of PNs (Fig. 3.1b). For Ca2+ imaging the Ca2+-sensitive dye Fura dextran was injected into a
sub-population of PN axons. Bees were stained 24 hours after training (Fig. 3.1a) in order to
minimise any impact of staining on memory formation. I also recorded from the bees proboscis
muscle (M17) - in a separate experiment - 48 hours after conditioning in order to confirm the
previously reported behavioural effect of Dnmt inhibition (Fig. 3.1b). Bees in this experiment were
treated exactly like the bees which were later imaged. This was important as the protocol used here
was different from previous behavioural studies (Biergans et al., 2012, 2015), as bees underwent an
invasive staining procedure. This could potentially interfere with Dnmt-mediated regulation or the
effect of the inhibitor. During Ca2+-imaging and M17 recordings bees were exposed to test odours
(CS+, new and mineral oil as solvent control) equivalent to previous behavioural studies (Fig. 3.1a).
Additionally they were tested with a binary mixture of the CS+ and new odour. As Dnmts were also
found to potentially affect extinction learning (Lockett et al., 2010), bees were finally exposed to
the CS+ 6 times. Using M17 recordings I could confirm the effect of Dnmt inhibition on stimulus-
specific memory (Figure 1b, upper panel: glm, p=0.041, effect size=0.464). RG108 treatment also
impaired extinction learning, if tested across all 6 stimuli (Figure 1b, lower panel: generalised linear
model (glm), p=0.019, effect size=0.243).
Dnmts affect early odour response pattern separation between the trained and a novel
odour. The AL is composed of morphological and physiological units called glomeruli. When
exposed to an odour glomeruli in the AL display a specific pattern of activity (Galizia et al., 1999).
Thus, odour response patterns in the AL provide a mechanism for odour discrimination (for an
example see: Fig. 3.6). To assess how Dnmt inhibition affects odour pattern dissimilarity, I calculated
the Euclidean distance between patterns 48 hours after olfactory reward conditioning (Fig. 3.2a).
After odour onset the Euclidean distance between CS+ and the new odour increased sharply and then
slowly declined until odour offset (Fig. 3.2a), which are typical temporal characteristics observed in
many previous studies (e.g. Rath et al. (2011)). Interestingly, in the paired group the odour response
patterns seemed to become dissimilar slower after Dnmt inhibition compared to the solvent control.
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Figure 3.2: Dnmts affect early odour response pattern dynamics. Odour identity processing is an
integral task of the AL. During the odour test, bees were exposed to the trained (CS+) and a new odour.
(a) The Euclidean distance - a measure for dissimilarity - between the response patterns to the CS+ and
new odour was calculated for each bee over time (Mean +/- SEM). During the odour stimulus (shaded
area) the response pattern to the CS+ and new odour differed in all treatments and groups. The increase
in dissimilarity, however, seemed to occur slightly later in RG108 (red line) compared to DMF (black
line) treated bees in the paired group. (b) A visualisation of the Euclidean distance for each individual
sample of the paired group (scaled within sample) seems to support this notion. 80-160 ms after odour
onset (black box), fewer samples showed increased dissimilarity (green shades) after RG108 treatment. (c)
Quantification of the Euclidean distance (normalised to the baseline period within each bee) during this
time period (black box in (b)) confirmed a significant difference between RG108 (red) and DMF (white)
treated bees (glm, p=0.009, effect size=1.5).
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Figure 3.2: There was no difference between treatments in the unpaired group (glm, factor treatment:
p=0.722). Similarly - quantified over the whole 4 s odour stimulus (shaded area in (a)) - there were no
differences between treatments (glm, factor treatment: paired p=0.471; unpaired p=0.306). Thus, there
may be a delay in establishing distinct odour patterns in the AL after RG108 treatment in trained bees.
(d) In an attempt to quantify such a delay, I calculated the time point at which the odour patterns in the
AL were distinct (Euclidean distance >3x standard deviation (SD) of baseline period) in more than 50%
of bees (t50). The majority of paired solvent treated bees showed distinct patterns after 180 ms, whereas
after RG108 treatment this occurred only after 240 ms (i.e. 1 frame later). The same was true after odour
offset, where the pattern dissimilarity returned to baseline values in > 50% of bees after 240 ms in DMF
treated and 880 ms (i.e. 8 frames later) in RG108 treated bees. Interestingly, the time shifts observed in
RG108 treated trained bees is similar to both unpaired groups. Thus, RG108 treatment may interfere with
a faster formation and loss of distinct odour patterns after olfactory reward conditioning. (e) In order to
compare the effect of RG108 and DMF treatment on the reliability of distinct odour patterns, the ratio
between treatments was calculated for the % of bees showing distinct odour patterns (> 3x SD of baseline)
at each time point. Compared to the baseline period, RG108 treatment significantly reduced the number
of bees with distinct patterns during the odour stimulus, whereas it caused the opposite effect after odour
offset (linear mixed effect model (lme) with repeated measurements (rm) and post hoc Tukey HSD: before-
during: p=0.0137, before-after: p<0.001, during-after: p<0.001). In the unpaired group RG108 treatment
only increased the number of bees with distinct odour patterns during the odour stimulus, but had no effect
after odour offset (lme with rm and Tukey HSD: before-during: p<0.001, before-after: p=1, during-after:
p<0.001). (f) In addition to the euclidean distance, the correlation (Pearson correlation coefficient) was
calculated between the treatment groups during the odour stimulus. In the paired group RG108 treatment
increased the correlation between the CS+ and new odour response patterns (RG108: r=0.37, DMF:
r=0.22), whereas it was decreased after RG108 treatment in the unpaired group (RG108: r=0.18, DMF:
r=0.48). In the paired group RG108 treatment also increased the correlation between the CS+ and the
binary mixture of CS+ and new odour (RG108: r=0.66, DMF: r=0.49), whereas RG108 treatment in the
unpaired group decreased the correlation between the new odour and the binary mixture (RG108: r=0.61,
DMF: r=0.78). Number of bees: paired: n(RG108)=10, n(DMF)=7; unpaired: n(RG108)=10, n(DMF)=6
A closer look at all individual measurements points in the same direction (Fig. 3.2b). Indeed, a
quantification confirms that the CS+ and new odour response patterns were more similar in RG108
treated bees compared to controls between 81-160 ms after odour onset (glm; p=0.009, effect
size=1.5). This effect was, however, not present in bees trained with an unpaired protocol (glm,
p=0.722). Additionally, when quantified across the whole odour period, there was no significant
difference in any of the two groups (glm, paired: p=0.471; unpaired: p=0.306). Thus, RG108
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treatment mostly affected early odour pattern separation.
To further investigate this effect I calculated the time-point when the majority of bees displayed
distinct odour response patterns, here defined as the Euclidean distance being >3x the standard
deviation (SD) of the baseline period (Fig. 3.2d). In solvent treated paired bees this threshold
was reached 160 ms after odour onset, whereas it took 240 ms in RG108 treated paired bees and
both unpaired groups (i.e. one frame difference). Interestingly, if calculating a similar threshold for
the odour offset (i.e <50% of bees with a distance >3x SD of baseline), the difference was even
larger: the majority of solvent treated paired bees stopped showing distinct response patterns after
240 ms, whereas it took 880 ms in RG108 treated paired bees. Again, RG108 treated paired bees
were more similar to unpaired control bees (DMF unpaired: 800 ms; RG108 unpaired: 3280 ms).
This result suggests that Dnmts may enhance the temporal efficiency of generating distinct odour
response patterns after olfactory reward conditioning.
Visual inspection of individual measurements not only suggests a temporal shift in establishing
distinct odour response patterns, but also that they may be less reliably maintained after RG108
treatment (Fig. 3.2b). To investigate this further I calculated the ratio between treatments of the
% of bees showing distinct patterns (i.e. >3x SD of baseline) for each individual time point during
the measurement (Fig. 3.2e). Even though all bees exceeded this mark during the measurement,
consistently fewer RG108 treated bees displayed distinct odour patterns compared to solvent treated
control bees during the odour stimulus in the paired group (linear mixed effect model (lme) with
repeated measurements (rm) and post hoc Tukey HSD: before-during: p=0.0137). Interestingly,
after odour offset this effect was reversed and there were more RG108 treated bees displaying
distinct response patterns (lme with rm and Tukey HSD: before-after and during after: p<0.001).
The negative effect of RG108 on the consistency of distinct odour patterns was memory-specific, as
within the unpaired group there was a positive effect of treatment on pattern consistency during the
odour period (lme with rm and Tukey HSD: before-during and during-after: p<0.001; before-after:
p=1).
Additionally, I calculated the correlation (Pearson correlation coefficient; similarity measure) between
odour patterns during the odour stimulus period (Fig. 3.2f). After RG108 treatment the CS+ and
new odour response patterns were more strongly correlated in the paired group compared to solvent
treated bees (RG108: r=0.37; DMF: r=0.22). In the unpaired group, however, RG108 treatment
lead to less strongly correlated patterns (RG108: r=0.18; DMF: r=0.48). This result largely agrees
with the results in Fig. 3.2e, but disagrees with Fig. 3.2c, where the Euclidean distance only differed
during the initial response, but not across the whole odour stimulus. Interestingly, RG108 treatment
in the paired group also led to a stronger correlation between the CS+ and binary mixture (CS+
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and new odour 1:1; RG108: r=0.66, DMF: r=0.49). On the other hand in the unpaired group,
the correlation between the new odour and the binary mixture decreased after treatment (RG108:
r=0.61, DMF: r=0.78). This result hints towards Dnmts being involved in the changes in odour
pattern processing after olfactory conditioning or stimulus exposure. Pre-exposure with an odour
(comparable to odour exposure during unpaired conditioning) causes the mixture to be more similar
to the odour which was not pre-exposed (Locatelli et al., 2013). Here, RG108 treatment seems to
counteract such an increase in correlation between the mixture and the new odour (Fig. 3.2f).
In sum, Dnmts affected the temporal efficiency with which specific odour response patterns were
established in a memory-dependent manner. Furthermore, Dnmts affected the consistency with
which distinct odour patterns are maintained, as well as their correlation. The finding that Dnmts
can affect odour pattern similarity early (i.e. 80-160 ms) after odour onset is intriguing. This finding
serves as a potential explanation for the behavioural phenotype of enhanced generalisation observed
after Dnmt inhibition (Biergans et al., 2012, 2015). Bees respond to trained odours within 401-470
ms after odour onset (Wright et al., 2009; Strube-Bloss et al., 2011). Therefore, discrimination
between odours and the decision of which odours to respond to has to be achieved within that
time frame. This is supported by studies showing that mushroom body output neurons, which
are downstream of PNs, reach maximum pattern separation between 84-120 ms after odour onset
(Strube-Bloss et al., 2012). The first few hundred milliseconds after odour onset are therefore
crucial for odour discrimination and the ’correct’ behavioural responses of bees. A change in the
temporal dynamics of odour pattern separation - mediated by Dnmts - would have a strong impact
on generalisation between odours and thus stimulus-specific memory.
The number of responding glomeruli is reduced after Dnmt inhibition in response to a
novel odour. In order to narrow down which response properties of the AL network are targeted by
Dnmts, I first tried to identify the factors in the experiment which explained most of the variance in
the data. For this I ran a linear model and used a simple averages method to decompose the R2 of the
model in order to identify the relatively most influential factors (Gro¨mping, 2006). The model tested
the factors treatment (i.e. RG108 or DMF), stimulus (i.e. CS+, new odour, mineral oil or binary
mixture), trained odour (1-hexanol or 1-nonanol) and protocol (6 variations with different orders
of CS+,new and mineral oil). The factors trained odour and protocol were randomised between
treatment groups in this experiment. The method by Gro¨mping (2006) can only determine the
relative importance of single factors and two-way interactions, thus higher-order interactions were
not considered in this analysis. For both paired and unpaired groups the interaction between stimulus
and protocol was the most influential factor, meaning the order of CS+, new odour and mineral
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oil in the measurement strongly influenced the glomeruli responses (Fig. 3.3a). As protocol was
randomised, however, this effect should not influence the comparison between treatment groups. In
the paired group the interaction between stimulus and treatment explained the most variance in the
data (about 4%) - apart from variance explained by protocol and interactions including this factor -
and treatment alone explained about 2% (green borders, Fig. 3.3a). Thus, RG108 treatment seems
to differentially affect stimuli, whereas a specific effect of treatment dependent on odour identity
was negligible. This strongly indicates a memory dependency of the effect of RG108 treatment, as
stimulus identity is defined by the learning history of bees.
Figure 3.3: Dnmts affect the number of glomeruli responding to the new odour. (a) To determine
which factors were most influential in explaining the response variance in the AL during the odour stimulus,
I ran a linear model with the averaged response of each identified glomerulus containing the factors treat-
ment, trained odour, stimulus, protocol. The factors trained odour and protocol were randomised (r)
between treatment groups in this study. The model was then analysed using simple averages to decompose
R2 (’lmg’ metric). Additionally, the variability of the estimate was calculated with a bootstrap method
(n=1000, both algorithms by (Gro¨mping, 2006)). The estimated relative importance is shown with the
95% confidence interval determined by the bootstrap method. The overall R2 of the model is displayed. In
the paired group the interaction between stimulus and treatment was the most influential not randomised
factor (green box), explaining about 4% of the variance during the odour stimulus. (b) The number of
glomeruli responding to each odour stimulus was analysed. Responding glomeruli were defined using the
same criterion as (Rath et al., 2011). On average, fewer glomeruli were active in response to the new odour
after RG108 treatment in the paired group (glm, treatment: p<0.001, effect size = 2.238). Number of
bees: paired: n(RG108)=10, n(DMF)=7; unpaired: n(RG108)=10, n(DMF)=6
As a first step to investigate a stimulus-dependent effect of RG108 inhibition, I calculated the
ratio of responding glomeruli over all analysed glomeruli per bee for each stimulus (Fig. 3.3b).
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Glomeruli were classified as responding when the response during peak activity was >3x the SD of
the baseline response, similar to Rath et al. (2011). Fewer glomeruli responded to the new odour
after RG108 treatment in the paired group (Fig. 3.3b, glm, p<0.001, effect size = 2.238). A
reduced number of glomeruli being active after Dnmt inhibition in response to the new odour could
indicate an increased activity of the inhibitory network in the AL after treament. The AL contains
a large network of local inhibitory interneurons (LNs), which has been repeatedly shown to play a
crucial role in odour discrimination (Stopfer et al., 1997; Hosler et al., 2000; Linster et al., 2005).
Interestingly, this effect was specific for the new odour, strongly suggesting the involvement of
heterogeneous inhibitory local interneurons (LNs), which innervate glomeruli non-uniformly (Galizia,
2014) and thus affect glomeruli differently. Thus, Dnmts may affect plasticity in the local inhibitory
network after olfactory reward conditioning.
The response strength of a subset of glomeruli responding to a new odour is reduced
after Dnmt inhibition. However, is just the number of responding glomeruli reduced, or does
Dnmt inhibition also affect the response strength of active glomeruli? To investigate this question
I analysed those two glomeruli responding strongest to the CS+ and new odour respectively (Fig.
3.4). These glomeruli were identified in each bee individually as the ones showing the strongest
activity during the peak response to the respective odour. I assessed the two strongest instead of
all responding glomeruli as this method avoids introducing a bias caused by the reduced number of
active glomeruli in the new odour after RG108 treatment (Fig. 3.3). Additionally, as each individual
bee was trained with either 1-hexanol or 1-nonanol, the identity of the CS+ and new odour changed
across bees. These two odours differ in the number of active glomeruli (Galizia et al., 1999; Sachse
and Galizia, 2002; Haase et al., 2011). Thus, by investigating only the two most active glomeruli,
the analysis was robust against difference in the number of active glomeruli caused either by the
odour identity or RG108 treatment. There was no difference between treatments for the glomeruli
responding strongest to the CS+ either over time (Fig. 3.4a), or pooled across the odour stimulus
(Fig. 3.4b). Interestingly, however, the response of those glomeruli responding strongest to the
new odour changed after Dnmt inhibition in the paired group (Fig. 3.4c). Pooled across the whole
odour stimulus, the response to the new odour was reduced (glm, p=0.04, effect size=0.746). This
reduction in response could change the dynamics of distinct odour pattern generation as observed
in Fig. 3.2. Notably, there was no difference in the unpaired group (Fig. 3.4c,d p=0.750). Dnmts
therefore seem to affect associative changes in a subset of glomeruli not strongly active during
olfactory reward conditioning.
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Figure 3.4: Dnmts affect the response strength of glomeruli strongly responding to the new odour.
Response strength of glomeruli was assessed by comparing the response of those two glomeruli responding
most to the CS+ (a,b) and the new odour (c,d) respectively. (a) For the two glomeruli responding strongest
to the CS+, the response over time and (b) pooled across the odour stimulus (normalised to the baseline
period within each bee) is shown. The response did not significantly differ between RG108 (red) and DMF
(black) treated bees for any of the stimuli. (c,d) The response of those glomeruli responding strongest to
the new odour differed between treatments in the paired group. (d) The normalised response was weaker
in RG108 treated bees when stimulated with the new odour (glm; p=0.040, effect size=0.746). This,
however, was not the case in unpaired bees (glm; p=0.913). (a,c) The mean (+/-SEM) is shown. The
shaded area represents the odour stimulus. Number of bees: paired n(RG108)=10, n(DMF)=7; unpaired
n(RG108)=10, n(DMF)=6
Dnmt inhibition does not affect odour responses during extinction learning in the AL.
In the second part of this study, I investigate whether Dnmts also play a role in the AL during
extinction learning. Extinction learning - and particularly extinction MTM - can be influenced by
Dnmts (Lockett et al., 2010). Bees were exposed to the CS+ six times following the odour test
(Fig. 3.1a).
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Figure 3.5: Dnmts do not affect the response during extinction learning in the AL. During extinction
training the response strength and number of active glomeruli is increased after Dnmt inhibition only in bees
trained with unpaired conditioning. After the test, bees were exposed to the CS+ six times, which causes
extinction and a reduced PER response. (a) In order to assess whether extinction learning changes the
dissimilarity of the reoccurring stimuli, the Euclidean distance was calculated over the whole odour period
in relation to the first extinction trial. There was no difference between RG108 (red) and solvent (white)
treated bees. (b) Even though the stimuli did not become more dissimilar over time during extinction
training, the number of active glomeruli increased in unpaired bees. This effect was significant for the 3rd,
4th and 5th extinction trial (glm, 3rd trial: p=0.016, effect size=1.386, 4th: p=0.037, effect size=1.160,
5th: p=0.002, effect size=1.363, 6th p=0.066, effect size=0.994). (c) The mean response (+/-SEM) of
the 2 strongest glomeruli in the first extinction trial is shown over time for all six trials. In paired bees the
response was similar in Dnmt inhibited (RG108, red) and control bees (DMF, black). In unpaired bees,
however, the response during and after the odour stimulus is increased after Dnmt inhibition. (d) The
response was pooled across the whole odour stimulus. For all extinction trials except the first there was
a significant increase in response after Dnmt inhibition in the unpaired group (glm, 2nd trial: p=0.019,
effect size=1.600; 3rd: p=0.045, effect size=1.308; 4th: p=0.006, effect size=1.275; 5th: p=0.010,
effect size=1.227; 6th: p=0.043, effect size=1.206). Number of bees: paired n(RG108)=10, n(DMF)=5;
unpaired n(RG108)=6, n(DMF)=7
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For extinction learning odour discrimination is not crucial, it rather requires either the weakening
of an established memory trace, or the establishment of a new extinction memory trace (for a review
of extinction in bees see: Eisenhardt and Menzel (2007)). These processes have been associated with
higher order brain centres like the mushroom bodies before (Devaud et al., 2007; Boitard et al., 2015;
Devaud et al., 2015). Here I indeed did not find changes in the number of responding glomeruli (Fig.
3.5b), the glomeruli response strength (Fig. 3.5c,d) or the similarity of the reoccurring odour (Fig.
3.5a) between treatments in the paired group. Surprisingly, however, RG108 treatment changed
both the number of responding glomeruli and the response strength over time in the unpaired group
(Fig. 3.5b-d). After RG108 treatment more glomeruli responded during the 3rd - 5th extinction trial
(Fig. 3.5b; glm treatment: 3rd trial: p=0.016, effect size=1.386, 4th: p=0.037, effect size=1.160,
5th: p=0.002, effect size=1.363, 6th: p=0.066, effect size=0.994) and the response of the strongest
CS+ glomeruli increased in the 2nd - 6th extinction trial (Fig. 3.5c,d; glm, trial1: p=0.524; trial2:
p=0.019, effect size=1.600; trial3: p=0.045, effect size=1.308; trial4: p=0.006, effect size=1.275;
trial5: p=0.010, effect size=1.227; trial6: p=0.043, effect size=1.206). Thus, Dnmts also seem to
serve a regulatory role after odour and sugar stimulation in the absence of learning. This agrees
with earlier findings, in which stimulus-associated methylation changes were detected in memory-
associated genes (Biergans et al., 2015). Data suggest that Dnmts affect the robustness of the
response during repeated re-exposure of the pre-exposed odour. Recently it was hypothesised that
DNA methylation may affect transcription dynamics after re-activation of neurons (Baker-Andresen
et al., 2013). Such a molecular mechanism could underlie the effect observed here.
3.4 Discussion
On the behavioural level Dnmts regulate stimulus-specific long-term memory formation and ex-
tinction in bees (Lockett et al., 2010; Biergans et al., 2012, 2015). A recent analysis additionally
provided insights into the molecular underpinnings of this regulation (Biergans et al., 2015). Many
blind spots remain, however, in our knowledge about how memory specificity is regulated by Dnmts.
In order to better understand their role in behavioural plasticity, it is crucial to investigate which cell
and network properties are affected by them. One way, how Dnmts could affect memory specificity,
would be by regulating odour identity processing. The AL is a good candidate for this type of reg-
ulation, as it is crucial for odour discrimination (Malun et al., 2002; Sachse and Galizia, 2003) and
can also exhibit plasticity in response to learning (Faber et al., 1999; Sandoz et al., 2003; Hourcade
et al., 2009; Fernandez et al., 2009; Denker et al., 2010; Rath et al., 2011) and odour exposure
(Gala´n et al., 2006; Arenas et al., 2009; Locatelli et al., 2013). Thus, I here investigated odour
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responses in the AL two days after olfactory reward conditioning. To that end I used retrograde
staining of PNs with a Ca2+ sensitive dye. I could show that following Dnmt inhibition in trained
(i.e. paired) bees: (1) odour patterns were more similar - particularly 80-160 ms after odour onset;
(2) the number of glomeruli responding to the new odour was reduced; (3) the response strength
was reduced in glomeruli responding strongly to the new odour; but (4) neither the similarity nor
glomeruli responses changed during extinction. In bees receiving unpaired training (i.e. exposure to
both odour and sugar, without memory formation), I found that after Dnmt inhibition: (1) neither
the similarity of glomeruli response patterns nor their strength changed during the test; but (2)
the number of glomeruli responding and (3) the response strength was increased over time during
extinction.
Increased pattern similarity after Dnmt inhibition in the AL could support a role of
Dnmts in regulating memory specificity. The findings described here have the potential to
explain the behavioural phenotype observed after Dnmt inhibition in trained bees. Dnmt inhibition
after olfactory reward conditioning impairs stimulus-specific LTM by increasing generalisation to a
new odour (Biergans et al., 2012, 2015). Using the same training paradigm, I could show here
that RG108 treatment increased the similarity between the response patterns to the CS+ and new
odour 2 days after training (Fig. 3.2). Odour discrimination in the AL is fast and maximum pattern
separation is reached around 150 ms after odour onset in PNs (Krofczik et al., 2009; Strube-Bloss
et al., 2012). Interestingly, MB output neurons, which are downstream of PNs, show an even
faster maximum pattern separation, suggesting that a sub-group of fast-responding PNs is most
important for odour discrimination in the MBs (Strube-Bloss et al., 2012). But, bees do not only
process pattern similarity fast; after olfactory training, bees respond to trained odours in 401-470 ms
(Wright et al., 2009; Strube-Bloss et al., 2011). Bees can also successfully discriminate odours, even
if they smell them for just 200 ms (Wright et al., 2009). This suggests that bees do use information
about odour pattern similarity, which is generated during the first few hundred milliseconds, to
decide whether to respond to an odour or not. Therefore, if Dnmts here mediate changes in early
pattern separation between the CS+ and new odour, this would affect behavioural generalisation
between odours, as observed before (Biergans et al., 2012, 2015).
Dnmts may mediate the inhibitory AL network during memory formation. This study
described a decrease in the number and response strength of glomeruli responding to the new odour
following Dnmt inhibition (Fig. 3.3 and 3.4). This effect could either result from a decreased activity
of excitatory neurons or an increased activity of inhibitory neurons in the AL network in response to
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the new odour. Considering the evidence that Dnmt inhibition is associated with increased expression
of memory-associated synaptic genes (e.g. Actin and NeurexinI ) (Biergans et al., 2015), the second
scenario seems more likely here. An increased expression of synaptic genes would rather contribute
to the strengthening than to the weakening of synapses; assuming that there not also is an increase
in the expression of genes negatively regulating synaptic growth or neuronal activity. The crucial
role the inhibitory network plays in odour discrimination (Stopfer et al., 1997; Hosler et al., 2000;
Martinez, 2005), further supports this idea.
Dnmt inhibition did not cause a global reduction in response strength, but rather had a specific effect
on glomeruli not strongly active during training. This suggests that Dnmts might regulate plasticity in
heterogeneous LNs. The majority of inhibitory LNs in the AL are heterogeneous, branching strongly
in one glomerulus and weakly in few others (Flanagan and Mercer, 1989; Fonta et al., 1993). Indeed,
the glomeruli most active in the two odours used here have inhibitory connections onto each other
(Sachse and Galizia, 2002; Girardin et al., 2013). Additionally, it has been suggested earlier that
heterogeneous LNs are plastic following olfactory learning (Linster et al., 2005; Hourcade et al.,
2009). My results suggest that, in a situation where Dnmts are blocked during memory formation,
inhibitory connections from CS+ glomeruli to weakly or inactive glomeruli may disproportionally
increase due to a prolonged expression of genes promoting e.g synaptic growth. If this is true,
however, the effect of Dnmt inhibition should be highly dependent on the odours tested and the
degree of inhibitory connections between them. So far, I did not test how the effect of Dnmt
inhibition depends on odour identity. It will be a crucial question for future research to test the
relationship between the inhibitory local AL network and Dnmts, ideally by recording directly from
LNs after olfactory reward conditioning.
A potential role of Dnmts in regulating homeostatic plasticity in the AL after learning.
Homoeostatic plasticity counteracts activity induced changes (e.g. Hebbian plasticity at individual
synapses) in order to normalise overall activity levels and prevent extrema (for review see: Guzman-
Karlsson et al. (2014); Schacher and Hu (2014); Yin and Yuan (2015)). Homoeostatic mechanisms
are induced by and utilize mechanisms (e.g. Ca2+) which are at least partly overlapping with those
responsible for long-term potentiation (LTP, i.e. the cellular equivalent of LTM). The important
distinction, however, lies in the time-scale they are acting on (Yin and Yuan, 2015), as homeostatic
plasticity operates within hours and days, instead of seconds. Furthermore, in contrast to local
synapse-specific changes (e.g. local translation), homeostatic plasticity acts globally on the whole
cell or neuronal network. Indeed, neuronal network models suggest that homoeostatic plasticity is
important for preventing accelerating activity (Tully et al., 2014; Zenke et al., 2015) and allows the
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network to remain plastic.
In bees, Dnmts are upreglated on a time-scale corresponding to that of homeostatic plasticity, and
Dnmts are likely involved in the downregulation of a subset of memory-associated genes during
memory-formation (Biergans et al., 2015). We earlier proposed that Dnmts - in particular Dnmt3
- may act by normalising the expression patterns of target genes following an initial upregulation
after training (Biergans et al., 2015). On the molecular level, such a process could contribute to
homoeostatic plasticity aiming to reduce overall cell activity, excitability and synaptic growth back to
baseline levels by reducing transcription. Indeed, homoeostatic plasticity is transcription dependent
(Ibata et al., 2008; Meadows et al., 2015), and a mechanism of homeostatic plasticity - synaptic
scaling - is regulated by DNA methylation (Meadows et al., 2015; Yu et al., 2015).
Besides regulation on the level of the individual neuron, another interesting aspect of homeostatic
plasticity is network wide normalisation (Yin and Yuan, 2015). Inhibitory networks are a crucial
component of this form of plasticity, as they can regulate the overall activity in a network by adjusting
inhibition (Yin and Yuan, 2015). The AL possesses a large network of inhibitory interneurons, which
has been previously suggested to be plastic (Linster et al., 2005; Girardin et al., 2013). Furthermore,
the results obtained here suggest that plasticity in the hetergenous LNs might be regulated by Dnmts
(Fig. 3.3 and 3.4).
Currently, this hypothesis is highly speculative, but could be a useful starting point to further
investigate the role of Dnmts and other transcription regulators in homoeostatic plasticity. To that
end it would be important to investigate homeostatic plasticity on the cellular level in different AL
neuron populations under deferring levels of epigenetic control.
Stimulation and learning may induce Dnmt mediated regulation of different sets of genes.
Dnmt inhibition after odour and sugar stimulation alone (i.e. unpaired group) did not change the AL
response properties during the memory retention test. It did however, cause an increased number
of glomeruli to be active over time during extinction. This highlights two interesting aspects of how
Dnmts might regulate plasticity in the AL: (1) A part of Dnmt regulation in the AL is learning-
dependent. This is supported by the fact that memory-associated genes show learning specific
changes in their methylation pattern (Biergans et al., 2015). (2) The effect of Dnmt inhibition after
stimulation has different characteristics as it only occurs over time with repeated stimulation of the
previously exposed odour. This suggests that DNA methylation may have two distinct roles: first;
to reduce gene expression back to baseline levels during memory formation (Biergans et al., 2015)
and second; to regulate re-expression of genes as hypothesized before (Baker-Andresen et al., 2013).
Previous activation of genes may be reflected in the genomic DNA methylation pattern and when
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a neuron is re-activated, the gene expression pattern upon re-activation may be determined by the
epigenetic pattern present. Thus, the physiological responses of re-activated neurons would change
over time mediated by changing transcription levels. Such a mechanism would explain aspects of
epigenetic regulation, like the persistence of some epigenetic marks, without persistent changes in
gene expression. Furthermore, as we could only observe this effect in the control group, it hints
towards different genomic regions regulated by Dnmts in response to varying environmental input.
An earlier study could indeed show that in some genes DNA methylation changes only in response
to learning, and in others in response to both learning and stimulation (Biergans et al., 2015). The
former study, however, only investigated a small number of target genes. Genome-wide analysis
is therefore required in order to further investigate DNA methylation patterns after learning and
stimulation.
Conclusion Here I investigated whether Dnmts regulate plasticity in the AL after olfactory reward
conditioning and during extinction. Using Ca2+-imaging of PNs in the AL I could show that Dnmt
inhibition specifically affects the number and response strength of glomeruli responding to an odour
not present during training. Additionally, the dynamics of odour pattern separation between the CS+
and new odour changed. Furthermore, I did not find an effect of Dnmt inhibition on extinction in the
AL. Dnmt inhibition after stimulation (i.e unpaired training) alone, however, did change the number
of active glomeruli and response strength with repeated stimulations of the pre-exposed odour. I
therefore suggest that Dnmts could perform a dual regulatory function: first, it mediates the re-
expression of genes when neurons are activated again after odour - and sugar - exposure. Thus,
Dnmts may not regulate extinction learning in the AL, but rather in higher order brain centres.
Second, it regulates a form of homoeostatic plasticity late during memory formation - possibly
predominantly in the inhibitory LN network - by reducing the expression of activated genes. This
study strengthens the idea that Dnmts regulate associative components of stimulus-specific LTM
formation and that at least part of this regulation happens in the AL.
3.5 Material and Methods
Olfactory training and treatment Honey bees (Apis mellifera) were trained using appetitive
olfactory classical conditioning as described before (Biergans et al., 2012, 2015). The acquisition
curves are shown in the Appendix Fig. 8.6. In short, bees received six trials of odour (conditioned
stimulus, CS) and sugar (unconditioned stimulus, US) pairings. In one group of bees the CS and US
overlapped for 2 s (i.e. paired group), which causes stable long-term memory formation. Another
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group of bees received the CS and US with a 5 minute gap between the stimuli (i.e unpaired group),
which does not cause long-term memory formation or conditioned inhibition (Hellstern et al., 1998).
Both groups were trained in parallel. In both cases the odour stimulus lasted 4 s and the sugar
stimulus (1 M sugar water) 3 s. Bees were either trained with 1-hexanol or 1-nonanol (102 in min-
eral oil, all Sigma-Aldrich, St.Louis, USA). 100 µl of the diluted odour was applied to a cellulose
stripe (Kettenbach GmbH KG, Eschenburg, Germany) located in a 3 ml syringe (Henke-Sass, Wolf
GmbH, Tuttlingen, Germany). 2 hours after training 1 µl of the Dnmt inhibitor RG108 (Sigma-
Aldrich, St.Louis, USA, 2 mM in DMF) or the solvent DMF was applied topically on the thorax.
This treatment method successfully reduces DNA methylation in the brain (Biergans et al., 2015).
After training, bees were fed regularly until saturation with 1 M sugar water from two hours after
training on until the night before Ca2+-imaging or M17 recordings.
Projection neuron staining Starting 24 hours after the training, the bees’ lateral and medial
antenno-protocerebral tracts (l- and m-APT) were stained with Fura-2 dextran (Invitrogen, Ther-
moFisher Scientific, Waltham, USA) - a Ca2+-sensitive dye - by injecting it with a glass electrode
between the MB calyces. Staining and preparation for imaging was done as described before (Rath
et al., 2011), with slight alterations. Here, the brain was not covered with quick-sil before the
measurement, but instead custom made Ringer solution was added into the opened head capsule.
After staining the bees were kept over night in a humid plastic container.
DMF paired RG108 paired DMF unpaired RG108 unpaired
Training PER (max. 6) 4.7 (+/-0.4) 4.3 (+/-0.5) 0.1 (+/-0.1) 0.2 (+/-0.2)
Time after training (hours) 51.7 (+/-0.5) 51.7 (+/-0.8) 52.4 (+/-1.0) 51.3 (+/-0.8)
AL (1=left; 0=right) 0.4 0.6 0.9 0.5
Number of Glomeruli 12.8 (+/-2.2) 15.3 (+/-1.7) 14.6 (+/-2.3) 13.1 (+/-2.5)
Table 3.1: Overview over acquisition scores, measurement time, AL and glomeruli analysed. For
each group the mean (+/-SEM) across all bees used in the imaging experiment is shown for the accumulated
response during 6 training trials, the time between training and imaging, the AL imaged and the number
of glomeruli analysed.
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48 hours after training, the imaging of bees was started. As 16-48 bees were trained each day
the actual time between training and imaging for each individual bee differed. On average the bees
were imaged 52 hours after training (for more information see: Tab. 3.1). In sum 40 bees were
imagined and analysed (DMF paired: 9; RG108 paired: 13; DMF unpaired: 8; RG108 unpaired:
10). Bees were imaged as described before (Rath et al., 2011) with a resolution of 172 x 130 pixel.
Each recording lasted 16 s (200 frames) with the odour stimulus starting 4 s into the recording and
lasting 4 s. Each frame was recorded with 340 and 380 nm excitation light at a rate of 12.5 Hz, thus
one frame lasted 80 ms. Odours were delivered during the measurement as described before (Rath
et al., 2011). Bees received an odour test first, consisting of the CS+, a new odour and mineral oil
in randomised order followed by the binary mixture of CS+ and new odour (Fig. 3.1a). The odour
test was followed by an extinction paradigm, consisting of a presentation of the CS+ 6 times and
one presentation of mineral oil at the end of the measurement as a contamination control.
M17 recordings For M17 recordings, bees were stained as described above. 48 hours after train-
ing the M17 response was recorded. M17 activity correlates with the PER (Smith and Menzel,
1989) and can therefore be used to assess memory retention. One 0.2 mm insulated silver wire was
inserted between the bees’ compound eye and lateral ocellus into the muscle, and a second one in
the opposite eye as a reference. The signal was detected by a custom built digital oscilloscope with
a resolution of 0.0625 ms and was connected to the wire via an amplifier. Baseline spike frequency
was measured for 5 s before every odour stimulus. Immediately afterwards spike activity during the
4 s odour stimulus was recorded. The odour stimuli were the same as described above and shown in
Fig. 3.1a. After the measurement, the bees’ PER was elicited by stimulating the antennae with 1 M
sugar solution. All bees in which the M17 did not show activity in response to sugar were excluded.
In sum, 73 bees were measured and analysed (DMF paired: 26; RG108 paired: 19; DMF unpaired:
13; RG108 unpaired: 15).
Data analysis All data analysis except the preprocessing of imaging data was done in R (R Core
Team, 2015). All scripts were custom written. M17 data was analysed by extracting the number of
spikes during the 5 s baseline and during the 4 s odour stimulus period. The M17 response frequency
was calculated for each odour stimulation and was normalised with the baseline frequency.
Even though 40 bees could be measured and analysed in sum for the imaging part of the experiment,
bees which showed strong movement during one of the stimuli were excluded from the equivalent
part of the analysis (i.e. test or extinction).
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Figure 3.6: Example of AL responses after data processing.
Imaging data was preprocessed with the ImageBee plugin for KNIME (Strauch et al., 2013).
Movement correction was performed for each bee first between images (i.e. frames) and then
between videos (i.e. stimuli). Signals were calculated as the ratio of fluorescences at 340 and
380 nm: F340/380 =
F340
F380
. The F340/380 was then normalised to baseline activity for each movie
separately: dF340/380 =
F340/380−F0
F0
(F0 = mean F340/380 of first 40 frames). For glomeruli detection,
videos were processed as follows: A Z-score normalisation was performed, images were smoothed
with a Gaussian filter, a principal component analysis was run and a convex cone algorithm was
used. The algorithms used for glomeruli detection are described in detail in (Strauch et al., 2013).
The map of glomeruli obtained by this procedure was than overlaid with the dF340/380 calculations.
The response of each glomeruli over time was calculated by averaging all pixels in the identified
area. On average, 14 glomeruli could be analysed per bee (for more detail see Tab. 3.1).
From the glomeruli responses the Euclidean distance was calculated (Wong, 2013) for each individual
bee between the response patterns to the CS+ and new odour and also between the first and all
following extinction trials. Additionally, the time points after odour onset and offset were determined
in which in > (resp. <) than 50% of bees the Euclidean distance reached > 3x the standard deviation
(SD) of the baseline period. The % of bees reaching this threshold at any given time point was also
used to calculate the ratio of the number of bees with distinct odour patterns between treatments
before, during and after the odour stimulus.
In order to determine the relative importance of all factors present in the experiment a linear model
was run on the mean responses of all glomeruli during the odour stimulus. The model included the
factors treatment (i.e. RG108 or DMF), trained odour (1-hexanol or 1-nonanol), stimulus (CS+,
new odour, mineral oil or binary mixture), protocol (i.e. 6 variations to randomise the test odours)
and two-way interactions. The factors trained odour and protocol were randomised in this study
between the two treatment groups. To determine the relative importance of the individual factors
and 2-way interactions (i.e. this particular method can not deal with higher order interactions) I used
a relative importance metric which uses simple unweighted averages to decompose R2 as provided
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by the relaimpo R-package (Gro¨mping, 2006). Additionally, to calculate the variability in estimated
relative weights this method also provides a boot strapping approach (here 1000 bootstrap runs
were used) to determine 95% confidence intervals for the determined weights.
Furthermore, the glomeruli responding to each stimulus were determined for each bee as done before
(Rath et al., 2011) by calculating the 3x SD of the period before odour onset. All glomeruli exceeding
this baseline were counted as responsive. Then, the ratio of responses over all analysed glomeruli
was calculated. Additionally, the two most active glomeruli during the peak response for the CS+,
new odour and first extinction trial were extracted for each individual bee. The response of those
two glomeruli was pooled and the mean and SEM was calculated across bees.
For statistical analysis generalised linear models or linear mixed effect models were run. The effect
size (Cohen’s D, (Navarro, 2015)) was calculated for all effects reaching the 0.05 significance level.
As a guideline Cohen (1992) defined effects sizes below 0.2 as negligible, between 0.2 - 0.5 as small,
between 0.5 - 0.8 as medium and above 0.8 as large. The effect size can be used as an estimate of
the real difference between the tested groups.
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Dnmts and Tet target memory-associated
genes after odour reward conditioning in
honey bees - a target gene study
published in Scientific Reports, 4th of November 2015
The original publication can be accessed at http://www.nature.com/articles/srep16223.
4.1 Abstract
DNA methylation and demethylation are epigenetic mechanisms involved in memory formation. In
honey bees DNA methyltransferase (Dnmt) function is necessary for long-term memory to be stim-
ulus specific (i.e. to reduce generalization). So far, however, it remains elusive which genes are
targeted and what the time-course of DNA methylation is during memory formation. Here, I anal-
yse how DNA methylation affects memory retention, gene expression, and differential methylation
in stimulus-specific olfactory long-term memory formation. Out of 30 memory-associated genes
investigated here, 9 were upregulated following Dnmt inhibition in trained bees. These included
Dnmt3 suggesting a negative feedback loop for DNA methylation. Within these genes also the
DNA methylation pattern changed during the first 24 hours after training. Interestingly, this was
accompanied by sequential activation of the DNA methylation machinery. In sum, memory forma-
tion involves a temporally complex epigenetic regulation of memory-associated genes that facilitates
stimulus specific long-term memory in the honey bee.
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4.2 Introduction
DNA methylation is an epigenetic mechanism involved in regulating transcription in various pro-
cesses from development to behavioural plasticity. DNA methylation describes the addition of a
methyl-group to the 5′ position of cytosines catalysed by DNA methyltransferases (Dnmts) forming
methylcytosine. Three different Dnmts have been described: Dnmt1 (maintenance Dnmt) has a
preference to methylate hemimethylated DNA; Dnmt3 (de novo Dnmt) methylates unmethylated
DNA (Bestor and Ingram, 1983; Okano et al., 1999); and Dnmt2 methylates tRNA but not DNA
(Goll et al., 2006). Besides methylation, a mechanism for active demethylation exists mediated by
enzymes of the Tet (ten-eleven translocation methylcytosine dioxygenase) family. Tet enzymes oxi-
dise methylcytosine to hydroxymethylcytosine which is further converted to unmethylated cytosine
(Ito et al., 2011; Tahiliani et al., 2009). DNA methylation and demethylation are crucial for memory
formation, as demonstrated in a number of organisms (e.g. honey bees, molluscs and rodents), and
learning paradigms (Zovkic et al., 2013). Memory formation in the honey bee, Apis mellifera, has
been well characterized behaviourally, physiologically and molecularly (for review see: (Eisenhardt,
2014; Giurfa and Sandoz, 2012)), but regulatory processes are little understood. The proboscis exten-
sion response (PER) is commonly used in appetitive (i.e. reward) classical conditioning, with odours
as conditioned stimuli (CS) and sugar water as reward (unconditioned stimulus, US) (Bitterman
et al., 1983; Menzel, 2012). Following training honey bees form a transcription and translation de-
pendent long-term memory (Wu¨stenberg et al., 1998). Memory-associated gene expression changes
have been shown in genome wide transcription studies, and consistently show downregulation of
genes associated with memory formation 24 hours and longer after training (Cristino et al., 2014;
Qin et al., 2014; Wang et al., 2013). Among the genes reported to be involved in memory formation
are key synaptic and structural genes such as neurexinI and actin (Biswas et al., 2010; Cristino
et al., 2014; Ganeshina et al., 2012). Honey bees have three Dnmt genes that are also found in
vertebrates: two copies of Dnmt1, one copy of Dnmt2, and one copy of Dnmt3 (Honeybee Genome
Sequencing Consortium, 2006; Wang et al., 2006). Honey bees also have a functional homolog of
the demethylation gene Tet found in vertebrates (Wojciechowski et al., 2014) and there is direct
evidence for hydroxymethylation in bees (Cingolani et al., 2013; Wojciechowski et al., 2014). The
presence of DNA methylation and DNA hydroxymethylation as well as that of the full DNA methy-
lation machinery indicates the demand of tight regulation of gene expression in the nervous system
of bees. In honey bees DNA methylation is crucial during caste and subcaste development (Elango
et al., 2009; Guan et al., 2013; Herb et al., 2012; Kucharski et al., 2008; Lyko et al., 2010; Shi
et al., 2013, 2011). DNA methylation also impairs memory extinction (Lockett et al., 2010) and
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stimulus-specific olfactory long-term memory formation (Biergans et al., 2012). Stimulus-specific
memory describes the ability of bees to form a memory that is specific to a given stimulus with a
narrow generalization to other stimuli (e.g other odours). This ability is quantified as discriminatory
power, which is reduced after Dnmt inhibition (Biergans et al., 2012). So far, studies looking at the
effect of Dnmt inhibition in bees have used the Dnmt inhibitor Zebularine (Biergans et al., 2012;
Lockett et al., 2010). Zebularine is a cytosine mimic, which requires incorporation into DNA or
RNA (Ben-Kasus et al., 2005; Zhou et al., 2002). Another effective inhibitor, RG108, does not
require incorporation into DNA or RNA (Brueckner et al., 2005) and has not yet been tested in
bees. Here I investigated the role of DNA methylation in stimulus-specific associative long-term
memory formation of bees. I show that two functionally different Dnmt inhibitors (i.e. RG108 and
Zebularine) both impair stimulus-specific long-term memory formation and cause upregulation of
memory-associated target genes. I investigated the temporal dynamics of Dnmt and Tet expression
during the first 5 hours and at 24 hours after training, and found that Dnmt1b, Dnmt3 and Tet are
upregulated in temporally distinct patterns. Finally I show site specific methylation changes occur
in several key memory-associated genes 24 hours after training.
4.3 Results
Dnmt inhibition impairs stimulus-specific memory formation and causes upregulation of
memory-associated genes. I used classical absolute olfactory conditioning to study the role
of DNA methylation in honey bee memory formation. Bees were trained with one odour (CS)
presented 6 times followed by sugar reward. Bees were divided in four groups: one treated with
the Dnmt inhibitor Zebularine, one treated with the Dnmt inhibitor RG108, one treated with the
solvent (dimethylformamid, DMF), and one untreated control. Bees were treated 2 hours after
training; acquisition therefore was not affected by treatment and not statistically different between
groups (Fig. 4.1a, Training: generalized linear model (glm), factor training trial p<0.001; factor
treatment compared to DMF: RG108 p=0.427, Zebularine p=0.142, untreated p=0.526; interactions
trial-treatment p>0.1). It has been shown previously that Dnmt inhibition does not affect CS+
acquisition or short-term memory formation (Biergans et al., 2012; Lockett et al., 2010), therefore I
here focused on its effect on long-term memory formation. I tested for long-term memory retention
24 hours after training by presenting the trained odour (CS+) to the bees. All groups showed robust
long-term memory (Fig. 4.1a, 24h Test).
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Figure 4.1: Dnmts regulate stimulus-specific memory. (a) The percentage of bees responding to the
odour during the training and test is shown. Bees were trained with 6 trials of odour sugar pairings and
treated 2 hours after the training with Dnmt inhibitors (RG108 or Zebularine), the solvent DMF or were
left untreated. The training performance of the different treatment groups was not significantly different,
but there was a significant effect of training trials (glm, factor training trial p<0.001). 24 hours after the
training CS+ retention and the generalisation towards a new odour were assessed. Control bees (DMF
and untreated) responded significantly more to the CS+ than the new odour during the test, showing
stimulus-specific long-term memory (n=28 in both groups; McNemar test p<0.05, effect size>0.6). This
ability was impaired in bees treated with Dnmt inhibitors (n=28 (RG108), n=30 (Zebularine); McNemar
test p>0.05). (b) From the responses to the CS+ and the new odour during the test the discrimination
index was calculated for each individual (Mean +/- SEM). Bees treated with Dnmt inhibitors had an
impaired discriminatory power compared to solvent treated control bees (glm compared to DMF: RG108
p=0.042, effect size=0.56; Zebularine p=0.102, effect size=0.42). All data is presented as the mean and
errorbars indicate the 95% confidence interval. ∗ = p<0.05; ∗∗ = p<0.01; NS = p>0.05 (The same data
is presented here as in Fig. 2.1.)
However, associative learning also influences how individuals generalize the established memory
across similar stimuli (Shepard, 1987). To quantify generalization I presented a novel odour (new)
during the test, and recorded the response towards it. Control bees (untreated or treated with DMF)
showed stimulus specific learning: they generalized weakly to the novel odour (Untreated: p=0.029,
DMF: p=0.006,effect size>0.6, McNemar test, Fig. 4.1a: 24 h Test). However, bees treated with
RG108 or Zebularine showed no significant difference in the responses to the CS and novel odour
(RG108: p=0.60, Zebularine: p=0.29, McNemar test), indicating a strong tendency to generalize
across odours. I quantified the capacity to not generalize across odours using a discrimination index
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(Fig. 4.1b). RG108 treatment significantly reduced the long-term discrimination ability (p=0.042,
effect size=0.56, glm with factor treatment compared to DMF). Zebularine treatment reduced the
discrimination ability to a lesser degree, close to but not reaching statistical significance (p=0.102,
effect size=0.42, glm with factor treatment compared to DMF). It however was significant in a
previous study reporting the effect of Zebularine on generalization 24 and 72 hours after olfactory
conditioning (Biergans et al., 2012). The inhibitor RG108 has a different molecular mechanism of
inhibiting Dnmts, but had the same behavioural effect as Zebularine: good learning, but increased
generalization. These results corroborate the assumption that DNA methylation is necessary for
odour discrimination after olfactory learning (Biergans et al., 2012), and argue against an unknown
side-effect of the drugs used.
Overall RG108 and Zebularine showed similar effects on stimulus-specific long-term memory reten-
tion (Fig. 4.1a,b). To confirm that both Dnmt inhibitors reliably reduce DNA methylation in the
brain I measured global DNA methylation 24 hours after training (Fig. 4.2a). I found that RG108
treatment significantly reduced global DNA methylation (Fig. 4.2a, glm with factor treatment
compared to DMF, p<0.001, effect size=0.99). Zebularine treatment also reduced global DNA
methylation. This reduction, however, was not significant (Fig. 4.2a, glm with factor treatment
compared to DMF, p=0.081, effect size=0.12), confirming that Zebularine had a weaker effect
compared to RG108.
Since DNA methylation regulates gene expression, I wondered which genes were most affected
by Dnmt inhibition. These genes would likely to be recruited during stimulus-specific memory
formation. Specifically, I quantified the expression of 30 genes that have previously been as-
sociated either with memory formation (e.g. cAMP response element-binding protein (CREB),
actin and synaptotagmin1, (Biswas et al., 2010; Cristino et al., 2014), DNA methylation (e.g.
Dnmts) or cell maintenance (e.g. GAPDH) (full gene list in: Appendix Tab. 8.1). Gene ex-
pression was measured in the brains of bees 24 hours after training for the four different treat-
ment groups: Zebularine, RG108 or DMF treated and untreated (Fig. 4.2b,c) (same individu-
als as those presented in Figure 1). Treatment with both RG108 and Zebularine caused a sim-
ilar pattern of gene expression changes (Fig. 4.2b,c; glm with factor treatment and group).
RG108 treatment significantly upregulated 9 genes (i.e. Dnmt3, actin, sesB, neurexin1, synap-
totagmin1, Rpb8, Npl, p300/HAT and Gapdh) out of 30 (compared to DMF: glm with factor treat-
ment, p<0.05, effect size: d(Dnmt3)=1.95, d(Actin)=1.75, d(sesB)=2.29, d(neurexin1)=1.79,
d(synaptotagmin1)=1.46, d(Rpb8)=1.85, d(Npl)=1.75, d(p300/HAT)=2.20, d(Gadph)=1.74); a
further 3 genes were upregulated but not significantly (i.e. headcase, cue and GB18468) (compared
to DMF, glm with factor treatment: p<0.1, effect size: d(HDC)=1.58, d(cue)=1.40, d(GB18468)=1.13).
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Figure 4.2: Memory-associated genes are upregulated after Dnmt inhibition. (a) Topical treatment
with Dnmt inhibitors reduced global DNA methylation successfully in the brain confirming the effective-
ness of the treatment method (Mean +/- SEM). RG108 was more efficient in reducing DNA methylation
(n=8 (DMF, Zebularine), n=6 (RG108), n=9 (Untreated); glm RG108 vs DMF p<0.001, effect size=0.99;
Zebularine vs DMF p=0.081, effect size=0.12). (b) Average expression of genes sensitive to Dnmt inhibi-
tion is shown (Mean +/- SEM). The relative expression rate (rER) was calculated by normalising to the
housekeeping gene RPL32 and to untreated controls. Dnmt inhibition was associated with target gene up-
regulation. In RG108 treated bees nine genes were significantly upregulated and in Zebularine treated bees
one (n=4 (DMF, Zebularine), n=3 (RG108, Untreated); glm factor treatment p¡0.05, effect size>1.46).
The shaded box indicates genes that responded particularly strong to Dnmt inhibition, and corresponds to
cluster 1 in C. (c) Here the rER for each gene and replicate is presented as heatmap after normalisation.
Two large clusters are apparent with a cluster of 7 genes (Cluster1) being affected strongest by Dnmt
inhibition. . = p<0.1; ∗ = p<0.05; ∗ ∗ ∗ = p<0.001; NS = p>0.1
Again, treatment with Zebularine was less effective: while generally the same genes showed a
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tendency for upregulation, the effect was only statistically significant for sesB (compared to DMF,
glm with factor treatment: p=0.022, effect size=2.17). Moreover, cluster analysis identified a
group of 7 genes (i.e. Dnmt3, headcase, actin, Eag, sesB, neurexin1 and synaptotagmin1) that had
a similar expression pattern in response to either Dnmt inhibition or solvent treatment (Fig. 4.2c,
Cluster 1; agglomerative hierarchical clustering using Euclidean distances). These genes were notably
most affected (i.e. largest expression change relative to untreated bees) by Dnmt inhibition with
both inhibitors. It logically follows that these 7 genes represent good candidates for being directly
targeted by Dnmts during learning. Importantly, all differentially expressed genes were upregulated
in response to Dnmt inhibition. This suggests that there is a negative association between DNA
methylation and gene expression in memory-associated genes (i.e. memory induces a downregulation
of these genes mediated by increased methylation). Taken together, this data suggests that Dnmts
regulate gene expression in a subset of memory-associated genes, acting on odour generalization
rather than associative strength.
Memory formation influences the methylation pattern of memory-associated genes 24
hours after training. I could show that Dnmt inhibition impairs stimulus-specific memory and
increases the expression of a subset of memory-associated genes, suggesting that there are DNA
methylation changes in the genome after learning. However, this begs the question as to where and
when in the genome these changes occur, and how persistent they are. Therefore, I analysed DNA
methylation in 10 target regions of 5 memory-associated genes 24 hours after training using bisulfite
treatment and Sequenome mass spectrometry (Figure 3). Changes in DNA methylation 24 hours
after training would indicate that learning initiates stable changes in DNA methylation. Such changes
may help to coordinate a pattern of gene expression that is needed to maintain the sensory acuity and
neuronal conformation of an olfactory memory trace (Claudianos et al., 2014). I analysed 4 memory-
associated genes which were affected by Dnmt inhibition (Dnmt3, synaptotagmin1, neurexinI and
headcase; Fig. 4.2b,c). In addition, I included CREB, a transcription factor frequently associated
with memory formation which was not affected by Dnmt inhibition in my study. Those genes
were also chosen because they were suitable for analysis with the Sequenome technology. This
technology requires the design of primers with specific properties regarding melting temperature,
cytosine content and size of the resulting amplicon, restricting the set of suitable genomic regions.
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Figure 4.3: Long-term memory formation associates with distinct methylation patterns in memory-
associated genes. (a) Overview over methylation changes and their location in target genes. Exons are
displayed as black lined boxes with numbers indicating their identity. Introns are indicated by black dashed
lines.
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Figure 4.3: Neurexin1 was too long to be fully displayed and vertical black lines in introns therefore indicate
breaks. Pink boxes indicate changes over neighbouring CpGs and pink lines in individual CpGs (solid lines:
p<0.05; dashed lines: p< 0.1). A differential methylation event was counted as being due to learning if
the learner group was different from the unpaired or the na¨ıve group. If the unpaired group was different
from the na¨ıve group it was counted as being due to the stimuli. Brown underlining indicates the analysed
regions. (b) Examples for differential methylation events: The percentage of methylated cytosines at a
particular genomic location is shown (Mean +/- SEM). Both learning and stimulation induced changes
across promoters, exons and introns (glm, factors age, season and group: ∗ = p<0.05, ∗∗ = p<0.01;
complete list of p-values in Appendix Fig. 8.10). Both increases and decreases in methylation were
observed.(c) CpGs were pooled and correlation of methylation patterns between groups was calculated.
The correlation coefficient for each comparison is shown here. Unpaired and na¨ıve controls correlated more
with each other than with the learning group (Spearman coefficient). (d) Clustering was performed by
calculating Euclidean distances as input for agglomerative hierarchical clustering using Ward’s method over
all CpGs. The length of tree branches indicates the distance between neighbouring groups. All replicates
of the learning group clustered together and separately from the two control groups, which did not form
separate clusters themselves. Therefore here learning associates with a methylation pattern, which is distinct
from the methylation pattern observed in untrained bees. N=6 for all groups. (Amplicon information and
bisulfite conversion efficiency: Appendix Fig. 8.8 and 8.9)
I found that learning led to differentially methylated cytosines in all genes analysed: neurex-
inI had increased DNA methylation in exons, Dnmt3 and CREB in the promoter and Hdc and
synaptotagmin1 both in the promoter and in one exon (Fig. 4.3a,b). DNA methylation not only
changed in the learner group though: the ”stimulated” group (i.e. CS and US presence, without
temporal overlap (unpaired)) also had differentially methylated cytosines in promoters (i.e. regula-
tory sequence upstream of a genes transcriptional start site), exons (i.e. protein-coding sequences
of a gene) and introns (i.e. non protein-coding sequences interspersed between exons, which are
spliced out before translation) (Fig. 4.3a,b). In particular, DNA methylation increased in the CREB
promoter region with both behavioural treatments (Fig. 4.3b, lower panel), confirming my previous
results that Dnmt inhibition does not affect CREB specifically after learning.
Methylation changed bidirectionally after learning (i.e. increase and decrease) in promoters and
exons (Fig. 4.3b upper panel). I did, however, not find evidence for DNA methylation changes
in introns after learning. This could be due to the small amount of genomic regions investigated
here and not necessarily reflects the true distribution of DNA methylation changes across genomic
regions after learning. DNA methylation also increased and decreased after stimulation only, and
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unlike the learner group stimulated-only bees showed changes also in introns in addition to promoters
and exons (Fig. 4.3b lower panel).
In order to assess the relative importance of memory formation and stimulation in driving differen-
tial DNA methylation, all investigated cytosines were pooled and analysed using a correlation and a
clustering approach (Fig. 4.3c,d). Specifically, I treated each cytosine of the 11 amplicons analysed
here as an individual data point. The group of bees that had been conditioned was less correlated
with the control groups (unpaired and na¨ıve) than those with each other (Fig. 4.3c, Spearman
correlation). Furthermore, all six biological replicates of the learner group formed a cluster separate
from the unpaired and na¨ıve control groups (Fig. 4.3d, hierarchical agglomerative clustering of Eu-
clidean distances). This indicates that memory formation influenced the DNA methylation pattern
of those regions investigated here in a consistent manner, and more than simple stimulation (Fig.
4.3d). Although I found that stimulation alone also induces DNA methylation changes in individual
CpGs, these changes were less consistent as unpaired and na¨ıve replicates formed an intermingled
cluster (Fig. 4.3d). This suggests a wider regulatory role of DNA methylation in brain circuitry, not
limited to memory formation. Summing up, I show that memory formation (but not only) induced
DNA methylation changes in some memory associated genes that persisted 24 hours after training.
This could contribute to stable gene expression changes of those genes - a requisite for a long-term
memory substrate.
Dnmts and Tet are upregulated during memory formation at different time points. I could
show that DNA methylation changes after learning, that methylation is important for the formation
of stimulus-specific long-term memory and that it influences expression of memory-associated genes.
Interestingly Dnmt3, one of the three genes responsible for DNA methylation, was upregulated after
Dnmt inhibition and DNA methylation levels changed in its promoter after learning. This could
indicate a feedback loop in that Dnmt3 itself is regulated by DNA methylation. In biology, the
temporal control of feedback loops is crucial in order to avoid unstable trends towards extreme
values. Therefore, I were interested in the time courses of Dnmt and Tet expression after classi-
cal conditioning, as those offer insights in the dynamics of the associated DNA methylation and
demethylation pathways. I included all known Dnmts and their counterpart, Tet, into the analysis,
and measured their expression rates at four timepoints during memory consolidation from 1 to 24
hours after training (Fig. 4.4a,b). Honey bees possess four different Dnmt genes (Dnmt1a, Dnmt1b,
Dnmt2 and Dnmt3) and one Tet gene. Dnmt2 mediates tRNA methylation, while the other Dnmts
mediate DNA methylation; thus Dnmt2 is not relevant for transcriptional control. In contrast, Tet
mediates demethylation of methylcytosine.
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Figure 4.4: Dnmts and Tet show temporally distinct expression patterns during memory formation.
Bees were trained and sacrificed 1, 3, 5 or 24 hours after training. Control bees were trained using an
unpaired protocol. The relative expression rate (rER) of each gene was calculated by normalising to the
housekeeping gene RPL32 and the unpaired control. (a) The expression patterns of Dnmt1b and Tet
were most similar and form a distinct cluster from Dnmt3, Dnmt1a and Dnmt2 (agglomerative hierarchical
clustering using Ward’s method and Euclidean distances as input). The heatmap shows the rER for each
gene after normalisation. (b) Dnmt1b and Tet are both upregulated as early as 1 hour after training (Welch’s
t-test p<0.05, effect size: d(Dnmt1b)=2.33, d(Tet)=1.87), whereas Dnmt3 is upregulated at 5 hours after
training (Welch’s t-test p<0.05, effect size=2.37). Dnmt1a and Dnmt2 both do not show significant
changes at any early time point. 24 hours after training Dnmt1a, Dnmt1b and Tet are downregulated
(Welch’s t-test Dnmt1b p<0.001, effect size=3.52, Dnmt1a and Tet p<0.01, effect size: d(Dnmt1a)=2.75,
d(Tet)=2.25, Dnmt2 p<0.1). (c) There was no common pattern of temporal expression in genes sensitive to
Dnmt inhibition (shown in Fig. 4.2b,c). Actin e.g. was upregulated 1 hour after training and downregulated
24 hours after, whereas sesB did not show a significant change in expression. (b,c) Data is presented as
mean +/- SEM. .= p<0.1; ∗ = p<0.05; ∗∗ = p<0.01; ∗ ∗ ∗ = p<0.001; N=4 (1 hour after training both
groups); N=3 (3, 5 and 24 hours after training both groups)
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I found that Dnmt1b and Tet were upregulated 1 hour and downregulated 24 hours after training
(Fig. 4.4a,b, Welch’s t-test p<0.05, effect size 1hour: d(Dnmt1b)=2.33, d(Tet)=1.87; effect size
24 hours: d(Dnmt1b)=3.52, d(Tet)=2.25). This is consistent with my finding that methylation
was both increased and decreased after learning (Fig. 4.3b). Conversely, Dnmt3 was upregulated 5
hours after training and went back to baseline after 24 hours (Fig. 4.4a,b, Welch’s t-test p<0.05,
effect size=2.37). These findings suggest that memory consolidation requires a temporally controlled
sequence of DNA methylation and demethylation, involving different enzymes at different timepoints:
Dnmt1b and Tet first, Dnmt3 later. As shown in Fig. 4.2b, DNA methylation affected not only
Dnmt3 expression, but also that of several memory-associated genes. I studied expression changes
over time (Fig. 4.4c) of those genes that were most affected by Dnmt inhibition (Fig. 4.2b,c; Cluster
1) and of CREB. I found that each gene had a characteristic expression pattern over time: actin
expression was increased initially, and decreased back to baseline within 3-5 hours, Eag expression
was decreased after 24 hours, CREB increased expression only late, at 5 hours, and returned to
baseline after 24 hours and Hdc, sesB and synaptotagmin1 did not show significant changes at the
timepoints investigated here. Thus, there was no correlated temporal pattern of gene expression
between Dnmts or Tet and putative DNA methylation sensitive genes. Rather my data suggest a
more complex transcriptional pattern than a ”simple” increase during the first hours and decrease
24 hours after training, as observed so far (Cristino et al., 2014; Lefer et al., 2013; Qin et al., 2014;
Wang et al., 2013). This pattern is likely mediated by an equally complex transcriptional regulation
including a temporally orchestrated sequence of DNA methylation and demethylation processes, as
shown here, which contribute to, but not solely determine the transcriptional pattern after learning.
4.4 Discussion
A stable association between a conditioned stimulus (CS, e.g. an odour) and an unconditioned
stimulus (US, e.g. a sugar reward) will reliably evoke an appropriate behavioural response (CR,
e.g. proboscis extension response, PER) to the CS. But even such a ”simple” classical conditioning
experiment induces many changes in the brain, including different associative memory traces (Eisen-
hardt, 2014), modifications in primary odour-processing (Faber et al., 1999; Fernandez et al., 2009;
Rath et al., 2011) and shifts in the generalization pattern (Shepard, 1987). Epigenetic mechanisms
allow neurons to regulate and stabilize changes in the brain during long-term memory formation at
a transcriptional level. In honey bees, methylation of cytosines in the DNA is necessary to stabilize
olfactory generalization, i.e. to allow associative memories to be specific for a particular odour
(Biergans et al., 2012). In this study, I confirm that DNA methyltransferases (Dnmts) mediate the
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stimulus-specificity of memory retention 24 hours after training (Fig. 4.1). Furthermore, I examine
which genes are involved (Fig. 4.2), their temporal expression patterns (Fig. 4.4), and study which
genomic regions are differentially methylated (Fig. 4.3). The data indicate that memory formation
includes a temporally staggered activation of DNA methylation and demethylation pathways.
I investigated a total of 30 memory-associated genes, and found that 9 were significantly upregulated
in response to Dnmt inhibition, indicating that DNA methylation induced by odour-reward learning
generally leads to gene downregulation. However, I do not know yet whether those Dnmt sensitive
genes are directly regulated by DNA methylation or whether the effect is indirect (e.g. DNA methy-
lation regulating transcription factors which target these genes). Further, genome wide, analyses
of methylation patterns is needed to examine this question. Genes sensitive to Dnmt inhibition
(e.g. Hdc, actin, sesB, neurexinI, synaptotagmin1) (Fig. 4.2b,c) are involved in memory forma-
tion and olfaction in invertebrates via different mechanisms: dendrite pruning (textitHdc), dendritic
spine formation and elimination (actin), energy metabolism during neurotransmission (sesB), cell
adhesion and signalling at the presynaptic terminal (neurexinI ) and neurotransmitter release (synap-
totagmin1) (Biswas et al., 2010, 2008; Choi et al., 2011; Cristino et al., 2014; Hotulainen and
Hoogenraad, 2010; Huang et al., 2013; Loncle and Williams, 2012; Rikhy et al., 2003; Yanay et al.,
2008; Yoshihara and Montana, 2004). The fact that learning induces long-term downregulation of
these genes (as indicated by their increased expression when Dnmts are inhibited and by previous
studies (Cristino et al., 2014; Qin et al., 2014; Wang et al., 2013)) suggests that memories may
be stabilized, or normalized, by reducing synaptic remodelling. As inhibition of Dnmts in my study
led to an upregulation of synaptic genes, it is possible that DNA methylation contributes to the
stabilization of memories by restricting the expression synaptic genes.
However, it is implausible that learning exclusively leads to a decrease in synaptic gene expression,
as this would counteract synaptic plasticity. Therefore, I hypothesize that an early upregulation
of synaptic genes (e.g. actin in Fig. 4.4c) is followed by methylation-mediated regulation, which
normalizes expression levels again. Indeed, experience induced normalization was observed at the
level of olfactory receptors on the bee’s antennae (Claudianos et al., 2014). Neuronal and synaptic
normalization mechanisms are necessary because otherwise positive feedback loops could become
rampant when constantly processing new environmental information. The observation that methy-
lation is necessary to reduce olfactory generalization confirms its role as a normalization mechanism,
as does the observation that methylation is necessary for memory extinction in honey bees (Lockett
et al., 2010). Normalization mechanisms are crucial for proper brain function not only in insects.
Impaired normalization results in over-connectivity and over-activity of neurons in mammals, which
in turn causes memory impairment and reduced discriminatory ability in schizophrenia, autism dis-
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orders and ageing (Bakker et al., 2012; Koh et al., 2010; Rapin and Tuchman, 2008; Tamminga
et al., 2010).
Arguably the similarity of the Dnmt gene family between mammals and bees is surprising, given
that Dnmt3 and Dnmt1 are absent in other organisms such as Drosophila melanogaster (Krauss
and Reuter, 2010). Despite the genetic relatedness between the honey bee and mammalian DNA
methylation machinery, in this study I show important functional differences. I show that in bees,
Dnmt1b is upregulated after training (Fig. 4.2a,b), while in mice Dnmt1 is not involved in learning
or in ageing-related cognitive decline (Morris et al., 2014; Oliveira et al., 2012). This suggests that
either Dnmt1 is important in bees, but not mammals, during memory formation or indeed Dnmt1
and Dnmt3 have different functional roles in DNA methylation across species than previously sug-
gested (Jeltsch and Jurkowska, 2014). It will be important to analyse honey bee Dnmt1a/b and
Dnmt3 concerning their methylation preferences for either hemi- or unmethylated cytosine to further
understand their individual role during learning.
Memory formation induces a complex and long-lasting pattern of gene regulation. My results show
that there is a temporal pattern in Dnmt and Tet expression: classical conditioning of an odour
leads to Dnmt1b and Tet being upregulated first (after 1 hour), and Dnmt3 later (after 5 hours,
Fig. 4.4b,c). This temporal complexity corroborates my assumption that learning induced changes
may be followed by memory consolidation which consists, in part at least, in normalization processes
potentially involving DNA methylation-dependent gene regulation. Consequently, I are not surprised
to see that the temporal pattern of upregulated and downregulated genes depends on the learn-
ing paradigm used: in differential training, Dnmt3 is already upregulated 30 minutes after training
(Lockett et al., 2010).
Although the expression of the DNA methylation and demethylation machinery is most dynamic
during the first hours after training and is at baseline or below after 24 hours, DNA methylation
changes found here were stable (Fig. 4.3a,b). Stable changes in DNA methylation patterns have
been shown to occur in specific genomic regions of rats after training as well (Miller et al., 2010).
This suggest that learning impacts the DNA methylation pattern permanently and therefore may
also have a permanent effect on gene expression. Alternatively it has been suggested previously that
stable DNA methylation changes, and epigenetic modifications in general, could serve as tags for a
rapid reactivation of previously active genes, rather than having a permanent effect on gene expres-
sion (Baker-Andresen et al., 2013; Zovkic and Walters, 2015). This theory is especially compelling
as it explains how the need for plastic responses to the environment is accommodated within stably
functioning neurons, at a transcriptional level.
In order to gain additional information about which neuropils are involved in stimulus-specific long-
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term memory, it would be necessary to perform the measurements reported here separately for
different brain areas (e.g. antennal lobes, mushroom bodies, lateral protocerebrum). However,
some speculation is possible: in a recent model of the olfactory system, the lateral protocerebrum
was proposed as the site for associative value memory, while the mushroom bodies were proposed
for associative odour identity learning (Galizia, 2014). Here, I could dissociate the associative odour
component (associative value) and the odour identity component (generalisation) by interfering
with methylation. I hypothesise that the cellular mechanisms associated with methylation depen-
dent memory are localized either directly in the mushroom bodies (odour identity) or in neurons
conveying information to the mushroom bodies. Indeed, some genes affected here have already been
shown to have high expression rates in the mushroom bodies (Biswas et al., 2010; Ganeshina et al.,
2012).
Just as DNA methylation, its counterpart demethylation is equally important for long-term memory
(Fig. 4.3a,b). Clearly, there is a dynamic relationship between different methylation pathways in the
brain. Therefore a balance between opposing methylation processes is likely required to create an
appropriate neuronal response. However, the enzyme investigated here, Tet, may not be the only
player involved: there are additional enzymes which can act as demethylases (e.g. Gadd45a, Delatte
and Fuks (2013)) and under specific experimental conditions also Dnmts can have demethylation
activity (Metivier et al., 2008). Another aspect of DNA methylation is which sites are targeted. My
analysis was restricted to CpG target sites. However, non-CpG methylation and hydroxymethylation
are additional cytosine modifications in bees (Cingolani et al., 2013; Wojciechowski et al., 2014).
Therefore future studies will need to analyse the global methylation and hydroxymethylation patterns
to gain a genomic perspective concerning the type and number of targets sites during memory for-
mation. Other epigenetic mechanisms also play a role in memory formation in honey bees, including
microRNAs and histone modifications (Cristino et al., 2014; Merschbaecher et al., 2012). Different
epigenetic mechanisms likely interact: the structural gene actin is a key molecule for neuroplasticity,
and is regulated by microRNA 932 after training (Cristino et al., 2014), besides being sensitive to
Dnmts (this study). Thus, DNA methylation, histone modifications and non-coding RNAs interact
and influence each other (Rothbart and Strahl, 2014). It will be a welcome challenge for future
research to untangle the specific contributions that each of these epigenetic mechanisms has on
memory formation when considering the significant task of identifying respective targets and eluci-
dating the temporal scales of their activity.
In summary, I show that long-term memory formation in honey bees induces a temporally complex
pattern of demethylation and methylation of genes over the first 24 hours after training. Many of
these genes regulate neural networks via dendrite formation, synapse morphology, energy metabolism
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and neuron excitability. Importantly, I also show that genetic control involves feed-back regulation:
genes encoding the DNA methylation and demethylation machinery (Dnmt1b, Dnmt3 and Tet) are
themselves up- and downregulated after training, in a sequential manner. Additionally, the Dnmt3
promoter was differentially methylated in response to learning. These results clarify some aspects
on how epigenetic gene regulation contributes to a long-term engram, while adding important new
questions to my search for how brains can encode persistent memories.
4.5 Material and Methods
Three main experiments were performed in this study. For each experiment bees were trained using
classical odour reward conditioning.
Olfactory conditioning and brain dissections Experiments were performed using one outdoor
hive at the Queensland Brain Institute, University of Queensland, Australia. A brood frame was
removed from the hive and kept in a humid incubator at 37◦C. Every 24 hours newly hatched bees
were marked with enamel paint (Tamiya, Japan) on their thorax and returned to a smaller hive,
originating from the original experimental hive. After 10 days bees were collected, mounted into
plastic tubes and fixed, so that the thorax was still accessible. They were fed with 1 M sugar
water and kept overnight in an incubator at 27◦C. The next day bees were trained with 6 trials of
1-hexanol (Sigma-Aldrich, St. Louis, USA; 1:100 in hexane) as conditioned stimulus (CS). The CS
was presented for 4 s and 3 s of 1 M sugar reward (US) were given. Odour and sugar stimuli were
overlapping by 2 s. The inter-trial interval was 10 minutes. Bees were kept in the incubator and fed
with 1 M sugar water, if kept overnight. In every experiment all groups were trained in parallel.
Dnmt inhibition experiment Bees were treated 2 hours after training with either 1 µl of the
Dnmt inhibitor Zebularine, RG108 (both 2 mM in DMF, Sigma-Aldrich, St. Louis, USA) or the
solvent DMF (Sigma-Aldrich, St. Louis, USA) topically on the thorax, as described previously
(Biergans et al., 2012; Lockett et al., 2010), or were left untreated. 24 hours after training bees
were tested for CS memory retention and response to a novel odour (Sigma-Aldrich, St. Louis,
USA; 1-nonanol, 1:100 in hexane). The order of CS and novel odour in the test was balanced. After
the test brains were immediately processed by freezing bees and dissecting the brain including the
antennal lobe and mushroom bodies. The optical lobes were removed in order to only analyse brain
areas relevant for olfaction. All bees responding to sugar water during the training and after the
test were analysed. All bees within one behavioural replicate matching these criteria were pooled
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(3-8 brains per replicate). Replicates with fewer than 3 bees matching the criteria were discarded.
Timeline experiment Brains were dissected 1, 3, 5 or 24 hours after the training as above. Bees
were either trained as described above or an unpaired paradigm was used (CS and US separated by
5 minutes). Additionally to sugar responsiveness only bees learning the odour during training (PER
>2x, learner group), respectively not learning (PER <3x, unpaired group) were used, as bees were
not tested for memory retrieval.
Methylation events experiment Bees were trained as described above. As control an unpaired
paradigm was used and an air only ’na¨ıve’ control. Brains were dissected after the test as described
above.
Gene expression RNA was extracted using Trizol (Ambion, Kassel, Germany) as recommended
by the manufacturer. Concentration of RNA (as well as DNA and biDNA) was measured with
the Nanodrop (Thermo Fisher Scientific, Waltham, USA). Gene expression was analysed using the
Fluidigm system (Fluidigm, San Francisco, USA). In short cDNA was synthesized from 2 µg RNA
using Superscript III (Invitrogen, Carlsbad, USA). After cDNA synthesis, cDNA was pre-amplified
with a mix of all primers (Full list: Appendix Tab. 8.1) using Taqman Pre-amplification Mix
(Taqman, Carlsbad, USA) according to the Fluidigm manual. Fluidigm runs included 43 or 47
primer assays and were analysed with a 48x48 GE Chip (Fluidigm, San Francisco, USA). Samples
belonging to the same experiment were run on the same Chip always. If one sample was an outlier
or not detectable in 30% or more of all primer assays it was excluded from the analysis.
Methylation analysis DNA was extracted using Trizol as recommended by the manufacturer.
DNA was bisulfite treated using the EZ bisulfite kit (Zymo, Irvine, USA) as recommended by
the manufacturer with few changes: samples were incubated with CT conversion reagent for 18
cycles with 30 s at 95◦C and 15 min at 50◦C each time; bisulfite treated DNA (biDNA) was
washed 5 times with 10 µl H2O. Primer for the Sequenome analysis were designed using Epidesigner
(Sequenome Inc., San Diego, USA) (Primerlist: Appendix Tab. 8.2; Amplicon predictions: Appendix
Fig. 8.8) based on the beebase Amel 4.0 genome assembly. I followed the Sequenome workflow
as recommended by the company. In brief, biDNA was amplified using optimized conditions for
each primer. After cleavage and cleaning, samples were dispensed onto a SpektroChip with a
Nanodispenser (both, Sequenome Inc., San Diego, USA). The Chip was then run on the Sequenome
platform using default settings. Data was checked for outliers using boxplots and outliers were
removed before analysis. The bisulfite conversion efficiency was analysed for every sample using
93
Chapter 4: Dnmts regulate several memory associated genes
the MassArray R-pipeline (Thompson et al., 2009) build-in conversion control script (Appendix Fig.
8.9).
Global DNA methylation DNA was extracted as described above and diluted to 100 ng/µl.
1 µl of DNA was used for measuring global DNA methylation. Global DNA methylation was
assessed using the Methylamp Global DNA methylation Colorimetric Quantification Kit (Epigentek,
Farmingdale, US) according to the companies recommendations.
Statistical analysis Behavioural experiments were analysed using a McNemar test to compare
the response to the CS+ and new odour within one treatment group, as each bee was presented
with both odours. The McNemar test is appropriate for paired binary data. The discrimination
indexes were calculated by subtracting the test response to the CS from the test response to the
new odour for every individual. The data was tested using a generalized linear model with factor
treatment. Gene expression experiments were analysed in the following way: Data was normalized
using the method described by Schefe et al. (2006) resulting in a relative Expression ratio (rER).
RPL32 was used as housekeeping gene in all experiments. To determine the best housekeeping gene
under the conditions of this study, five housekeeping genes were tested (RPL8, RPL32, Rps18, Syt
and GADPH) in zebularine and DMF treated trained and naive bees (Appendix Fig. 8.7). Stable
gene expression was determined using NormqPCR (Perkins et al., 2012). RPL8 and RPL32 were
the most stably expressed of the assessed housekeeping genes. RPL32 was used as a housekeeping
gene in this study as it was higher expressed compared to RPL8.
Log-transformed and normalized values were used for statistical analysis. Data was either analysed
with a generalized linear model (glm) if two or more groups were compared and otherwise with
a one-sided t-test. Global DNA methylation and hydroxymethylation was analysed accordingly.
Methylation sites were analysed both pooled and individually. For the pooled analysis all CpGs
were pooled per replicate and group. First a dissimilarity matrix was calculated (R-package daisy
with setting Euclidean). The dissimilarity matrix was then used to calculate clusters using an
agglomerative hierarchical clustering approach (R-package agnes method ward). Second, pooled
CpGs were correlated between the three groups (Learner, Unpaired and Na”ive) (R-package corr
method spearman). Individual amplicons were tested using generalized linear models as described
above with Group (Learner, Unpaired, Na”ive), Age (11, 13 days) and Season (autumn, spring) as
factors. Anova was used to test the glm model for effective factors. The effect size (Cohen’s D,
(Navarro, 2015)) was calculated for all effects reaching the 0.05 significance level. As a guideline
Cohen (1992) defined effects sizes below 0.2 as negligible, between 0.2 - 0.5 as small, between 0.5
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- 0.8 as medium and above 0.8 as large. The effect size can be used as an estimate of the real
difference between the tested groups.s
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Long-term memory formation changes
genome wide methylation and
hydroxymethylation patterns - a
sequencing study
5.1 Abstract
Epigenetic mechanisms (e.g. DNA methylation) play a crucial role in honey bee behavioural plas-
ticity. DNA methylation in particular regulates stimulus-specific long-term memory formation in
bees following olfactory reward conditioning. The DNA methylation and demethylation machinery
(i.e. Dnmts and Tet) is upregulated during the first hours after conditioning, suggesting an ac-
tive turn-over of methylation marks during this period. To date, however, it remains elusive as to
which genomic regions are targeted by Dnmts and Tet during memory formation. Here I present the
first genome-wide analysis of DNA methylation and hydroxymethylation (i.e. intermediate product
of demethylation pathway) patterns associated with memory formation. Differentially methylated
(DMRs) and hydroxymethylated regions (DHMRs) most often occurred in gene bodies and specif-
ically in introns. The genes associated with DMRs and DHMRs were enriched for transcription
factors (TFs), which suggests a strong indirect effect of DNA methylation and demethylation on the
overall transcriptional profile. Finally, several potential Dnmt and Tet target genes were also differen-
tially expressed in previous learning studies (e.g. the voltage-gated Ca2+ channel cacophony). This
study provides important insights into the regulatory changes and molecular machinery underlying
stimulus-specific long-term memory formation in honey bees.
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5.2 Introduction
Honey bees have been an essential model for the research of behavioural plasticity for a long time.
Originating with studies of their foraging and communication behaviour by Nobel prize laureate von
Frisch (von Frisch, 1950), today particularly the molecular processes underlying behavioural plas-
ticity are a major focus (for review see: Eisenhardt (2014). Memory formation is a crucial part of
behavioural plasticity, as it allows an organism to adjust its behaviour based on prior experience.
For bees, this is especially important during foraging, when they need to remember the features and
the location of food sources (Menzel, 2012).
Since the honey bee genome was sequenced in 2006 (Honeybee Genome Sequencing Consortium,
2006), and updated by Elsik et al. (2014), our knowledge about the molecular landscape of bees
continuously expands. The honey bee genome has an estimated size of 250 Mb and 15314 protein
coding genes are annotated.
Many genes, representing a variety of biological processes, have been associated with memory for-
mation (e.g. protein kinases (Gru¨nbaum and Mu¨ller, 1998; Mu¨ller, 2000); synaptic genes (Biswas
et al., 2010); olfactory receptors (Claudianos et al., 2014); neurotransmitter receptors (Hammer
and Menzel, 1998; Mu¨ßig et al., 2010; Boitard et al., 2015; Lagisz et al., 2016); cytoskeletal genes
(Ganeshina et al., 2012)). Generally, in bees, memory formation is dependent on both mRNA and
protein turnover (Wu¨stenberg et al., 1998; Felsenberg et al., 2012; Lefer et al., 2013; Felsenberg
et al., 2014). This suggests that regulatory processes of transcription, translation and protein degra-
dation must play a crucial role in memory formation. Indeed many regulatory mechanisms - most
prominently epigenetic mechanisms - have already been linked to memory formation (e.g. histone
modifications (Merschbaecher et al., 2012); DNA methylation (Lockett et al., 2010; Biergans et al.,
2012, 2015) and microRNAs (Cristino et al., 2014)).
Epigenetic mechanisms, in bees, were first studied by Wang et al. (2006), when they discovered a
functional DNA methylation machinery. Since then, a mechanism for active demethylation has also
been identified (Wojciechowski et al., 2014). As in many other invertebrates (Zemach et al., 2010),
gene-body methylation is predominant in bees (Zemach et al., 2010; Lyko et al., 2010; Herb et al.,
2012; Shi et al., 2013; Cingolani et al., 2013). Whether DNA methylation is enriched in exons over
introns (Zemach et al., 2010; Lyko et al., 2010; Herb et al., 2012) or introns over exons (Shi et al.,
2013; Cingolani et al., 2013) has, however, been controversial recently. Both CpG (i.e. cytosine
followed by a guanine) and non-CpG methylation is present in bees, and the latter has recently been
described to be about 5x more abundant than the former (Cingolani et al., 2013) (but see: Lyko
et al. (2010)). The same study could also establish the presence of 5-hydroxymethylcytosine (5hmC)
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in the genome, which is enriched in introns as well (Cingolani et al., 2013).
As in many other species (Jones, 2012), the regulatory function of DNA methylation in bees is still
under debate. Thus far, DNA methylation could be associated with gene expression (Herb et al.,
2012; Li-Byarlay et al., 2013; Cingolani et al., 2013; Biergans et al., 2015), exon expression (Flores
et al., 2012) and alternative splicing (Lyko et al., 2010; Foret et al., 2012; Flores et al., 2012; Herb
et al., 2012; Li-Byarlay et al., 2013; Cingolani et al., 2013).
The most established biological function of DNA methylation in bees is the regulation of caste devel-
opment (i.e. queen vs. worker development) (Kucharski et al., 2008; Lyko et al., 2010; Ikeda et al.,
2011; Shi et al., 2011; Foret et al., 2012; Shi et al., 2013)(but see: Herb et al. (2012)). Studies of
developmental methylation patterns, however, likely describe ’static’ methylation (i.e. stable over
time). Thus, interest in whether there also is evidence for ’dynamic’ methylation led to studies
of honey bee subcastes (Lockett et al., 2012; Herb et al., 2012; Guan et al., 2013). Honey bee
subcastes (i.e. nurses and foragers) are related to different behaviours bees perform over their life
time. Even though bees usually progress from nursing to foraging with increasing age, this transition
can be reversed. Studying methylation patterns in foragers, nurses and reverted nurses provided the
first evidence that DNA methylation patterns can be specific for a certain behavioural phenotype
and reversible, thus ’dynamic’ (Herb et al., 2012; Guan et al., 2013).
This finding proves important for the study of DNA methylation in behavioural plasticity, as ’dy-
namic’, reversible DNA methylation patterns are of interest here. First behavioural studies estab-
lished a relationship between DNA methylation and aspects of memory formation (i.e. generalisation
and extinction) (Lockett et al., 2010; Biergans et al., 2012, 2015). Some molecular aspects underly-
ing epigenetic regulation of memory formation have also been uncovered: the DNA methylation and
demethylation machinery (i.e. Dnmts and Tet) is upregulated during the first hours after olfactory
reward learning (Biergans et al., 2015). Furthermore, the methylation pattern of some memory-
associated genes changes in response to learning (Biergans et al., 2015).
To date, however, it remains elusive what the genome-wide targets of Dnmts and Tet are after
olfactory reward conditioning and what genes and pathways are predominantly regulated by it. In
order to investigate this question, I here sequenced DNA derived from bee brains following olfactory
conditioning - and unpaired (i.e. stimuli control) training - using MeDIP and HMeDIP approaches.
This provided me with whole genome 5mC and 5hmC patterns and the ability to identify differentially
methylated (DMRs) and hydroxymethylated regions (DHMRs) associated with memory formation.
Most DMRs and DHMRs were found in introns, but also in exons and regions up- and down-stream
of genes. Many genes associated with DMRs and DHMRs had a high CpGo/e content, which hints
towards genes with tissue specific expression and specialised functions (Elango et al., 2009; Nanty
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et al., 2011). One particularly interesting functional group that was enriched among the genes as-
sociated with DMRs and DHMRs, were transcription factors (TFs); suggesting a strong impact of
memory-associated methylation and hydroxymethylation changes on the overall transcription profile.
Finally, my study further highlights the importance of demethylation in honey bee long-term memory
formation.
5.3 Results
In honey bees, DNA methylation is involved in the regulation of stimulus-specific memory formation
(Biergans et al., 2012, 2015). Despite gaining new insights into the behavioural (Chapter 2) and
physiological (Chapter 3) roles of DNA methylation after olfactory reward conditioning in bees,
the genomic regions targeted by Dnmts and Tet after learning remain elusive. This information
is crucial however, in order to understand which molecular pathways and processes are regulated
by DNA methylation after learning. I thus studied the genome-wide patterns of DNA methylation
(5mC) and hydroxymethylation (5hmC) after olfactory reward conditioning.
For that I produced 5 behavioural replicates each consisting of a paired group (i.e. CS and US
overlapping) and an unpaired control group (i.e. CS and US separated by 5 minutes). The bees
used in this experiment were all of the same age and originated from the same hive. All bees of one
behavioural replicate were trained in parallel. 24 hours after the training - a time point corresponding
to the tests in previous chapters - bees were tested for their memory retention and 5 bees of each
group (i.e. paired and unpaired) were snap frozen. Their brains were dissected and pooled within
each group. This resulted in 10 samples (i.e. 5 replicates, 2 groups each). The samples were split
after DNA extraction so that for each a 5mC and 5hmC capture could be run. Finally, the - now
20 - samples were sequenced.
5mC and 5hmC patterns changed 24 hours after olfactory reward conditioning. First, I
analysed how and where the 5mC and 5hmC patterns changed after olfactory reward conditioning
(Fig. 5.1 and 5.2). All differentially methylated (DMRs) and hydroxymethylated regions (DHMRs)
(i.e. analysis width: 100 bp windows), which were significantly different (i.e. FDR adjusted p-value
<0.05) in at least 2 biological replicates, were selected as candidates for further analysis (Fig. 5.1c,d
and 5.2c,d).
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Figure 5.1: Most methylation changes occur in the gene body 24 hours after training. Five biological
replicates were sequenced following enrichment of DNA with a 5-methylcytosine antibody. Each replicate
consisted of two groups: one receiving paired and the other unpaired (control) training. Replicates were
analysed separately and regions which were significant (FDR adjusted p-value <0.05) in at least two
replicates were used for further analysis.
100
DNA methylation and memory formation in bees
Figure 5.1: (a) Overall, more regions (384 vs. 53, each 100 bps long) increased in methylation in the paired
compared to the unpaired group. (b) When two adjacent 100 bp regions were found to be significant they
were merged and counted as one large region. This resulted in 137 regions with increased, and 35 with
decreased, methylation. (c,d) Many regions identified as significantly different in methylation levels (DMRs)
between the paired and control group overlapped between the 5 behavioural replicates. 24 regions e.g.
were significantly more methylated 24 hours after paired training in all five replicates. (e,f) Of those DMRs
which were significant in at least 2 replicates, more than 50% were located in the gene body (i.e. exons
and introns) or within +/- 5000 bp up- or down-stream of it. Both for increased and decreased methylation
the majority of these DMRs occurred in introns (light blue).
24 hours after learning, 5mC was increased in the majority of candidate regions (i.e. 100 bp
regions: 384, Fig. 5.1a; merged regions: 137, Fig. 5.1b); whereas only a few regions showed a
decrease in 5mC (100 bp region: 53, Fig. 5.1a; merged regions: 35; Fig. 5.1b). Comparing the
overlap of significant DMRs between biological replicates, many differentially methylated regions
were unique to one replicate (e.g. 1960 5mC ↑ in Replicate 1, Fig. 5.1c) and thus likely changed
due to factors other than olfactory memory formation (e.g. nutritional status, health or chance).
On the other hand, many DMRs were present in least two or even all replicates (e.g. 24 5mC ↑ in
5 replicates, Fig. 5.1 c).
I was next interested in which genomic regions were predominantly targeted by Dnmts and Tet after
learning. Thus, I annotated the data using the current official gene set from beebase (Elsik et al.,
2014). The majority of DMRs was either intergenic (i.e. >+/- 5000 bp away from a gene) or in
introns (Fig. 5.1e,f). Generally, many DMRs were located within the gene body (i.e. exons and
introns, 49 DMRs), but I could also identify DMRs up- (i.e. 14 DMRs) and down-stream (i.e. 12
DMRs) of genes. This result agrees with the general distribution of 5mC in the bee genome, as most
5mC is found in the gene body (Lyko et al., 2010; Cingolani et al., 2013). Gene body methylation
has been linked to alternative splicing and - to a lesser degree - gene expression in bees (Lyko et al.,
2010; Ikeda et al., 2011; Foret et al., 2012; Flores et al., 2012; Herb et al., 2012; Cingolani et al.,
2013). Methylation upstream of genes, on the other hand, is more strongly associated with gene
expression (Jones, 2012). Unfortunately there is limited information about enhancers or additional
regulatory sites in the honey bee genome yet, preventing further analysis of intergenic DMRs. It can
be speculated, however, that at least part of them may overlap regulatory sites in the genome.
Within the same 5 biological replicates I also analysed differentially hydroxymethylated regions
(DHMRs).
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Figure 5.2: Most hydroxymethylation changes occur in the gene body after training. Five biological
replicates were sequenced following enrichment of DNA with a 5-hydroxymethylcytosine antibody. Each
replicate consisted of two groups: one receiving paired and the other unpaired (control) training. Replicates
were analysed separately and regions which were significant (FDR adjusted p-value <0.05) in at least two
replicates were used for further analysis.
102
DNA methylation and memory formation in bees
Figure 5.2: (a) Overall, slightly more regions (1344 vs 1001, each 100 bps long) increased in hydrox-
ymethylation in the paired compared to the unpaired group. (b) When two adjacent 100 bp regions were
found to be significant they were merged and counted as one large region. This resulted in 1036 regions
with increased and 832 with decreased hydroxymethylation. (c,d) Many regions identified as significantly
different in hydroxymethylation levels (DHMRs) between the paired and control group overlapped between
the 5 behavioural replicates. (e,f) Of those DHMRs which were significant in at least 2 replicates, more
than 50% were located in the gene body (i.e. exons and introns) or within +/-5000 bp up- or downstream
of it. The majority of these DHMRs occurred in introns (light blue).
5hmC is present in the bee genome (Cingolani et al., 2013; Wojciechowski et al., 2014) and is an
intermediate product of the active demethylation pathway catalysed by Tet (Li et al., 2013; Delatte
and Fuks, 2013). Thus, 5hmC is an indicator for active demethylation. It has also been suggested
that 5hmC can function as an independent and stable epigenetic mark (Pastor et al., 2011; Hahn
et al., 2014).
24 hours after olfactory reward conditioning there were slightly more DHMRs with increased 5hmC
(100 bp regions: 1344, Fig. 5.2a; merged regions: 1035, Fig. 5.2b) than with decreased 5hmC
(100 bp regions: 1001, Fig. 5.2a; merged regions: 832; Fig. 5.2b). As with DMRs, there was
overlap between the replicates (Fig. 5.2c,d) even though they were more inconsistent (compared to
Fig. 5.1c,d). One reason for this could be that 5hmC may be more unstable than 5mC, as it is an
intermediate product of the demethylation pathway. Thus, both increased and decreased 5hmC are
indicators of demethylation.
Most of the DHMRs occurred in introns (651 DHMRs,Fig. 5.2e,f). This again agrees with the
general distribution of 5hmC in the bee genome (Cingolani et al., 2013). The former study also
provides first hints that 5hmC is associated with gene expression and alternative splicing in bees.
DMRs and DHMRs are most abundant in proximity to the transcription start and termi-
nation site. To further analyse the distribution of DMRs and DHMRs in relation to genes in the
honey bee genome, I calculated the proximity of each DMR and DHMR to the closest gene (Fig.
5.3). Specifically, I calculated how close each DMR or DHMR was to the transcription start site
(TSS) and transcription termination site (TTS) of the closest gene. In all cases DMRs and DHMRs
were most abundant in proximity to the TSS and TTS. Interestingly, methylation surrounding the
TSS has been associated with blocking transcription initiation (Jones, 2012), whereas methylation
surrounding the TTS could be related to alternative terminal exons (Li-Byarlay et al., 2013). The
distribution of DMRs and DHMRs observed here suggest that these two forms of regulation could
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occur after memory formation.
Figure 5.3: DMRs and DHMRs are most abundant in proximity to the TSS and TTS after training.
To investigate the spatial distribution of DMRs and DHMRs in more detail, I calculated the proximity of
each DMR and DHMR to the transcription start site (TSS) and the transcription termination site (TTS).
5 kb up- and downstream of the TSS and TTS are shown. The shaded area indicates a break in the
intergenic area displayed. Blue areas show the up-stream resp. down-stream areas of genes. Bars reflect
the number of DMRs and DHMRs which fell into a particular proximity area (i.e. 1 kb units). In all cases
changes were most abundant in the proximity of the TSS and TTS.
Increased 5mC and 5hmC occur in close proximity. As both the 5mC and 5hmC patterns
were analysed in the same samples, I could analyse the relationship between these patterns. I thus
compared DMRs and DHMRs between the datasets (Fig. 5.4). Interestingly, 150 regions showed
both increased 5hmC and 5mC 24 hour after conditioning (Fig. 5.4a).
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Figure 5.4: Increased methylation and hydroxymethylation often occur within the same 100 bp
region. As I analysed 5mC and 5hmC patterns after learning in the same samples, I can directly compare
them. (a) The strongest overlap was in both 5mC and 5hmC increasing after learning within the same 100
bp region (i.e. in 150 cases). This suggests both de novo methylation and demethylation occurring within
the same region. (b) When comparing genes associated with DMRs and DHMRs, another relationship
became apparent: 77 genes were both associated with increased as well as decreased 5hmC. As both
changes are intermediate steps of the active demethylation pathway catalysed by Tet, these genes are likely
strongly targeted by the demethylation machinery after learning.
This suggests that in these regions de novo methylation and demethylation - mediated by Dnmt3
and Tet - occur within close proximity. As Dnmt3 and Tet are upregulated at different timepoints
after conditioning (Biergans et al., 2015) it is possible that even though Tet and Dnmt3 may act in
close proximity here, they may not act at the same time. Thus, these 150 regions may encounter
very dynamic DNA methylation changes during memory formation. The co-occurrence of DMRs
and DHMRs within close proximity could also hint towards a complex regulatory interplay between
5mC and 5hmC and their respective readers.
Besides examining the overlap within a specific region, I was also interested in comparing the overlap
in genes associated with DMRs and DHMRs (Fig. 5.4b). 77 genes were associated with both
increased and decreased 5hmC. As gain and loss of 5hmC both indicate steps in the demethylation
pathway, these genes are likely to be strongly targeted by Tet during memory formation.
Genes associated with methylation and hydroxymethylation changes are rather tissue and
task specific. I now further examining the genes associated with DMRs and DHMRs. In honey
bees, genes fall along a bimodal distribution of observed to expected CpG (CpGo/e) content (Elango
et al., 2009).
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Figure 5.5: Genes associated with DMRs and DHMRs are enriched within the high CpGo/e class.
The genes in the honey bee genome have a distinct bimodal distribution of CpGo/e (Elango et al., 2009).
Genes with a low CpGo/e perform housekeeping functions and are ubiquitously expressed, whereas genes
with a high CpGo/e are tissue specific and have more specialised functions. Previously, genes associated
with differential methylation between nurses and foragers have fallen into the high CpGo/e class. Here I can
also show that genes associated with (a) increased or (b) decreased methylation and (c) increased or (d)
decreased hydroxymethylation fall into the high CpGo/e class (for details about the calculation of CpGo/e
see the method section). Bars represent the subset of genes associated with changes in this study. Lines
indicate the relative distribution of all genes in the bee genome.
The CpGo/e describes the ratio of CpG sites present in a certain region compared to the expected
amount of CpGs based on the base composition of that region (for calculation of the CpGo/e see
the Material and Methods section). Genes with a low CpGo/e are conserved, have housekeeping
functions, and are broadly expressed in bees (Elango et al., 2009; Hunt et al., 2010; Zeng and Yi,
2010). On the other hand, genes with a high CpGo/e have more specialised functions (e.g. in cell
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communication) and tissue specific expression. I therefore investigated whether the genes associated
with DMRs and DHMRs in my study fall into one of these major classes. Thus, I calculated the
CpGo/e for all genes associated with DMRs or DHMRs (Fig. 5.5). In all cases the majority of
associated genes had a high CpGo/e. Indeed, when compared to the general distribution of all honey
bee genes (Fig. 5.5: red and blue lines), DMR and DHMR associated genes were significantly over
represented in the high CpGo/e class (hypergeometric test,5mC ↑: p=0.004, 5mC ↓: p=0.002, 5hmC
l: p<0.001). This suggests that genes associated with DMRs and DHMRs after olfactory reward
conditioning are more likely to be expressed in specific tissues and to perform specialised functions.
An example for a gene with a high CpGo/e is beat VI (black arrow in Fig. 5.5a). beat VI is similar to
the anti-adhesion protein beaten path in D. melanogaster (Fambrough and Goodman, 1996; Holmes
and Heilig, 1999; Pipes et al., 2001). Its function in cell-cell adhesion makes beat VI an interesting
candidate for memory research. 24 hours after olfactory learning, 5mC is increased in the first intron
of beat VI in all 5 replicates (Fig. 5.6; FDR adjusted p<0.05 in 4 replicates). 5mC in introns has
been related to alternative splicing and the regulation of intronic regulatory sites (e.g. alternative
promoters) (Maunakea et al., 2010; Li-Byarlay et al., 2013).
Besides beat VI, other cell adhesion genes like cadherin were associated with DMRs or DHMRs 24
hours after learning. I could also confirm neurexinI and synaptotagmin 1 as being associated with
DMRs as well as DHMRs after memory formation (Biergans et al., 2015). Another example of an
interesting associated gene was a guanylylcyclase, which showed increased 5mC upstream of the
transcriptional start site (TSS). Guanylylcyclases catalyse the producation of cGMP, which plays
a crucial role in chemosensory processing and odour discrimination in bees (Hosler et al., 2000;
Mu¨ller and Hildebrandt, 1995; Matsumoto et al., 2014). Interestingly, 5hmC was increased in a
cGMP-dependent protein kinase foraging - involved in regulating foraging behaviour (Ben-Shahar
et al., 2002). Furthermore, DMRs and DHMRs were found in the octopamine receptor - important
for transmitting information about the US (Hammer, 1993; Kreissl et al., 1994) - and in yolkless
the vitallogenin receptor which is involved in nurse to forager transition (Amdam et al., 2003).
Additionally, olfactory receptors such as OR151 - known to be plastic after learning (Claudianos
et al., 2014) - showed changed mC and hmC patterns after learning. The variety of genes associated
with DMRs and DHMRs highlights that diverse processes were targeted by Dnmts and Tet after
olfactory reward conditioning ranging from CS perception (e.g. odorant receptors), US perception
(e.g. Octopamine receptor) and second messenger cascades (e.g. guanylylcyclase and foraging) to
synaptic genes (e.g. neurexinI, synaptotagmin1 and cadherins).
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Figure 5.6: Beat VI as an example for differential methylation after learning. The methylation
and hydroxymethylation pattern across the first two exons (grey boxes) and the first intron (grey line) of
GB50540 (i.e. beat VI) is shown. All behavioural replicates are shown (paired - orange, unpaired - black).
The graphs display the reads per kilobase of transcript per million mapped reads (rpkm). 5mC increased
in all 5 replicates after learning in the first intron of beat VI (4 of the replicates were significant at p<0.05,
FDR adjusted). The 5hmC pattern did not change reliably at this location.
Genes associated with DMRs and DHMRs after learning often function in transcriptional
control. To gain a more in depth understanding about the processes predominantly targeted by de
108
DNA methylation and memory formation in bees
novo methylation and demethylation after learning, I performed a gene ontology (GO) analysis. All
DMR and DHMR associated genes which possess Drosophila melanogaster orthologs were analysed
(ca. 50% of genes; list of orthologs: Appendix Tab. 8.3). The p-values of the 12 most enriched
GO terms (i.e. biological function) are shown in Fig. 5.7. Several processes with strong relevance
for olfactory learning were enriched (e.g. regulation of terminal button organisation, synapse or-
ganisation, sensory perception of smell and anaesthesia-resistant memory; full list: Appendix Tab.
8.4-8.6).
Figure 5.7: Many genes associated with DMRs or DHMRs function in transcriptional control.
Drosophila melanogaster orthologs of the genes associated with methylation and hydroxymethylation
changes were identified (full list: Appendix Tab. 8.3). The list of Orthologs was then used for a gene ontol-
ogy (GO) enrichment analysis. The uncorrected p-values of the 12 most enriched (< 5% FDR) GO terms
are shown (i.e. associated with: red bars - methylation; blue bars - hydroxymethylation). GO terms marked
in red are also significantly enriched after Bonferroni correction of the p-values. Most notably, decreased
methylation/hydroxymethylation was both associated with genes involved in transcriptional regulation.
Most interesting, however, was that processes related to transcriptional regulation were enriched
in all gene sets. Furthermore, other processes involved in chromatin regulation - e.g. histone H3K27
methylation - were also enriched. Even though I could only analyse a subset of the DMR and DHMR
associated genes (i.e. those with D. melanogaster orthologs), the enrichment of processes involved
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in transcriptional regulation is striking. It suggests an important interaction of regulatory processes,
namely between DNA methylation and demethylation, histone methylation and transcription factors
(TFs). To investigate the relationship between DNA methylation, demethylation and TF in more
detail, I compared my data to previous honey bee TF studies (Chandrasekaran et al., 2011; Ament
et al., 2012; Khamis et al., 2015). The TF ultraspiracle has been analysed in great detail (Ament
et al., 2012).
Table 5.1: Transcriptionfactors associated with DMRs and DHMRs after learning. 6 out of the 22
TFs which are overexpressed in foragers compared to nurses (Khamis et al., 2015) were associated with
DMRs and/or DHMRs (orange TFs). Additionally, several TFs associated with behavioural or developmen-
tal states (Chandrasekaran et al., 2011) showed changes. The number of predicted target genes is given for
each TF (Chandrasekaran et al., 2011; Ament et al., 2012; Khamis et al., 2015). If known, it is indicated
whether the TF predominantly acts as an activator or repressor (Khamis et al., 2015). NoTG - Number of
predicted target genes; References: 1 - Chandrasekaran et al. 2011; 2 - Ament et al. 2012; 3 - Khamis et
al. 2015
Transcriptionfactor NoTG Type of TF Hydroxymethylation Methylation Reference
GB42382 (abo) 20 ↑ upstream 1
GB53401 (Atf3) 16 activator/repressor ↑ upstream 1,3
GB54984 (BAP18) 22 ↑ intron/exon 1
GB48999 (cropped) 15 l intron 1
GB42472 (dorsal) 438 activator ↑ exon 1,3
GB44653 (ewg) 79 ↓ intron 1
GB51904 (extradenticle) 8 ↑ intron 1
GB50342 (eyeless) 413 activator ↑ intron ↑ intron 1,3
GB52677 (forkhead) 2 ↑ exon/downstream 1
GB42142 (ftz-f1) 146 l intron 1
GB51303 (labial) repressor ↑ intron 3
GB55837 (Mio) 15 ↓ exon 1
GB44679 (MTA1) 146 ↓ exon 1
GB43643 (Pdp1) 1 ↑ downstream 1
GB50091 (stripe) 424 activator ↓ downstream 3
GB42692 (ultraspiracle) 848 activator/repressor ↓ intron 1,2,3
GB48579 (zinc finger 277) 36 ↓ downstream 1
GB46211 (zinc finger 347) 2 ↑ exon/downstream 1
GB48210 22 ↓ downstream 1
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It belongs to a group of 22 TFs, which are overexpressed in foragers compared to nurses and are
potential crucial regulators for behavioural maturation (Khamis et al., 2015). Of those 22 TFs, 6 -
including ultraspiracle - were associated with DMRs and DHMRs after memory formation (Tab. 5.1:
orange TFs). As an increased need and capacity to learn and memorise is one of the hallmarks of
the transition from nursing to foraging, this subgroup of 6 TFs may be crucial in regulating learning
and memory formation in foragers.
Another study analysed TF activity in the brain across a wide range of developmental and behavioural
stages (Chandrasekaran et al., 2011). Two TFs that they found are especially interesting here: ewg
and ftz-f1 (Tab. 5.1: blue Tfs) were both associated with intronic DHMRs and they are also
downregulated after learning (Qin et al., 2014; Wang et al., 2013).
For some of the TFs associated with DMRs or DHMRs, predictions of their putative target genes
exist (Chandrasekaran et al., 2011; Ament et al., 2012; Khamis et al., 2015). The 19 TFs described
here alone are predicted to target 1355 genes (overlaps in target genes may be included in this
number). This suggests that any effect of DNA methylation or demethylation on gene expression
or alternative splicing of these TFs will affect a large network of genes. Thus, DNA methylation
and demethylation potentially have a strong indirect effect on the overall gene expression pattern
by targeting TFs.
Several genes, which are differentially expressed after learning, were also associated with
DMRs and DHMRs. In order to investigate further the effect DMRs and DHMRs might have
on gene expression, I compared my data with microarry and RNA sequencing data from 4 previous
studies (Qin et al., 2014; Wang et al., 2013; Cristino et al., 2014; Khamis et al., 2015). These
studies investigated gene expression after olfactory (Wang et al., 2013; Cristino et al., 2014) and
visual learning (Qin et al., 2014), or after the behavioural transition from nurses to foragers (Khamis
et al., 2015). Associations between gene expression and methylation have been described in bees
(Herb et al., 2012; Li-Byarlay et al., 2013; Cingolani et al., 2013; Biergans et al., 2015), but there
are arguments for a correlation between exon expression and methylation rather than whole gene
expression (Flores et al., 2012).
Between 4-18% of the differentially expressed genes (DEGs) in the previous learning studies (Qin
et al., 2014; Wang et al., 2013; Cristino et al., 2014) were associated with DMRs or DHMRs here
(Tab. 5.2). To investigate whether this overlap was due to chance, I calculated the hypergeometric
probability for the subset of overlapping genes as described before (Guan et al., 2013). Genes
associated with DHMRs were significantly over represented within the subset of genes downregulated
after olfactory learning (Wang et al., 2013) and upregulated in foragers (Khamis et al., 2015). This
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suggests a relationship between hydroxymethylation - and thus demethylation - and genes responsive
to olfactory learning and behavioural maturation.
In sum, 11 % (i.e. 120) of the genes associated with DMRs or DHMRs were differentially expressed
either in response to learning or behavioural maturation. One example is α-glucosidase, which
showed increased hydroxymethylation in an exon and was upregulated in foragers and after olfactory
learning (Wang et al., 2013; Khamis et al., 2015), but downregulated after visual learning (Qin et al.,
2014). Additionally, a voltage-dependent Ca2+ channel cacophony associated with DHMRs in its
introns is upregulated in foragers (Khamis et al., 2015) and downregulated after olfactory learning
(Wang et al., 2013).
These results indicate that at least a subset of the genes associated with DMRs or DHMRs here are
plastic in response to learning and behavioural maturation. As none of the former studies used the
same training protocol, control group or analysis time point as I did it is not possible to draw final
conclusions about the relationship between gene expression and methylation after learning though.
Table 5.2: Genes associated with DMRs or DHMRs are enriched within the set of genes differ-
entially expressed after olfactory learning and in foragers. Between 4-18% of genes found to be
differentially expressed in studies of visual and olfactory learning and of behavioural maturation were also
associated with DMRs or DHMRs 24h after olfactory reward learning. To investigate whether genes associ-
ated with DMRs and DHMRs were over-represented in differentially expressed genes (DEG) after learning,
I calculated the hypergeometric probability (P). References: 1 - Qin et al. (2014); 2 - Wang et al. (2013);
3 - Cristino et al. (2014); 4 - Khamis et al. (2015)
Assay Expression Number of DEG Hyd ↑ Hyd ↓ Meth ↑ Meth ↓ P Reference
visual learning (free-flying) ↑ 44 3 0 0 0 0.62 1
visual learning (free-flying) ↓ 314 16 9 1 1 0.20 1
olfactory learning (PER) ↑ 24 1 0 0 0 0.79 2
olfactory learning (PER) ↓ 110 13 9 0 1 2.9x10−6 2
olfactory learning (PER) ↑ 11 0 1 0 0 0.56 3
olfactory learning (PER) ↓ 45 0 1 0 0 0.97 3
forager transition ↑ 534 39 23 1 1 3.9x10−5 4
forager transition ↓ 525 14 6 0 0 1 4
5.4 Discussion
DNA methylation mediated by DNA methyltransferases (Dnmts) is crucial for the formation of
stimulus-specific long-term memory in honey bees (Biergans et al., 2012, 2015). Pharmacological
inhibition of Dnmts after olfactory reward training leads to an increased generalisation to new stim-
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uli, thus impairing stimulus-specific memory. The behavioural effect of Dnmt inhibition could be
linked to an increased expression of a subset of memory-associated genes (Biergans et al., 2015).
These findings, and the identification of memory-associated DMRs in individual genes (Biergans
et al., 2015), suggest that Dnmts - and potentially also Tet - play an active role in the regula-
tion of stimulus-specific memory by targeting a specific subset of plastic genes. To date, however,
a systematic analysis of the Dnmt and Tet target sites in the genome during memory formation
is missing. Thus, I here present a genome-wide analysis of the 5 methyl-cytosine (5mC) and 5-
hydroxymethylcytosine (5hmC) patterns after olfactory reward conditioning in bees. I analysed 5
biological replicates of age-matched bees, trained with either a paired or an unpaired (i.e. stimulus
control) paradigm, using a MeDIP and HMeDIP sequencing approach. The 5mC and 5hmC patterns
were analysed 24 hours after training as long-term memory is established at this time-point and it
corresponds to the time points investigated in my earlier experiments (Chapter 2, 3 and 4).
The 5mC and 5hmC patterns were indeed different between paired and unpaired bees 24 hours after
conditioning, confirming my previous analysis of few target methylation sites (Biergans et al., 2015).
For both cytosine modifications the majority of changes occurred in introns and intergenic regions
(Fig. 5.1 and 5.2). This finding is surprising considering that previous studies claimed that the vast
majority of methylation occurs in exons in bees (Zemach et al., 2010; Lyko et al., 2010; Herb et al.,
2012). It has however been established recently - also by a reanalysis of Lyko et al. (2010) - that this
conclusion may have been biased by the bioinformatic analysis method used (Cingolani et al., 2013).
According to this study only CpG methylation is enriched in exons, whereas CHH methylation is
enriched in introns (Cingolani et al., 2013). CHH methylation is also about 5x more abundant than
CpG methylation in bees (Cingolani et al., 2013). An enrichment of 5mC in introns, rather than
exons, was confirmed by (Shi et al., 2013). Additionally, Cingolani et al. (2013) analysed hmC in
bees for the first time and found it to be enriched in introns as well. Our results (Fig. 5.1 and 5.2)
do indeed fit well with the distribution of 5mC and 5hmC described by Cingolani et al. (2013) and
Shi et al. (2013). Intriguingly, however, DMRs and DHMRs were most abundant in proximity to the
transcription start (TSS) and termination site (TTS) (Fig. 5.3), suggesting a potential differential
regulation of transcription initiation and termination in the context of olfactory memory formation.
One of the most intriguing questions related to epigenetic regulation is, - on a mechanistic level -
what the precise function of a specific modification is. In this context it is likely to make a big differ-
ence where in the genome cytosine modifications occur. Even though it has been established early
on that DNA methylation can repress gene expression, if it occurs in promoter or enhancer regions,
the exact relationship between gene silencing and promoter relationship has not yet been uncovered
(Jones, 2012). Furthermore, gene body methylation has been associated with actively transcribed
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genes (Ball et al., 2009), making the relationship between gene expression and methylation even
more complex. Gene body methylation has also been suggested to regulate alternative promoters
located within the gene body (Maunakea et al., 2010) and alternative splicing (Jones, 2012) with
a potential mechanism for the latter proposed by Shukla et al. (2011). In bees particularly, strong
evidence suggests the involvement of 5mC in alternative splicing (Lyko et al., 2010; Foret et al.,
2012; Flores et al., 2012; Herb et al., 2012; Li-Byarlay et al., 2013; Cingolani et al., 2013); but
gene expression has also been associated with 5mC and 5hmC in bees (Herb et al., 2012; Li-Byarlay
et al., 2013; Cingolani et al., 2013; Biergans et al., 2015). I here found several genes which showed
both changes in 5mC and/or 5hmC and were differentially expressed after learning or behavioural
maturation (e.g. cacophony and α-glucosidase; Tab. 5.2) (Wang et al., 2013; Qin et al., 2014;
Khamis et al., 2015). In addition genes associated with DMRs and DHMRs were significantly over
represented within the group of genes differentially expressed after olfactory learning (Qin et al.,
2014) and behavioural maturation (Khamis et al., 2015). This suggests a relationship between gene
expression and cytosine modifications during memory formation; but gene expression changes can
not fully explain the effect of all regulatory changes observed here. A more in-depth analysis of the
association between gene expression, alternative splicing and cytosine modifications is unfortunately
not possible here. Such an analysis would require RNA sequencing data originating from the exact
paradigm and time-point analysed in this study. It will be a challenge for future studies to analyse the
mechanistic relationship between cytosine modifications, their genomic locations and their impact
on gene regulation in detail.
Both de novo methylation and demethylation likely play a role during stimulus-specific memory
formation (Biergans et al., 2015). In bees, 5mC and 5hmC have been suggested to potentially have
opposing functions with regard to alternative splicing (Cingolani et al., 2013). Distinct functions of
5mC and 5hmC could, for example, occur by attracting distinct sets of readers (i.e. proteins binding
to a particular modification). A candidate for preferential hmC binding in mammals - MBD3 -
(Yildirim et al., 2011) is of particular interest in this context as bees’ ortholog of methyl-binding
domain (MBD) proteins belongs to the MBD3 family (Wang et al., 2006). Thus, MBD3 may be
a candidate for preferentially interacting with hmC over mC in bees and thus potentially causing
distinct effects on gene regulation.
Despite lacking knowledge about the mechanistic relationship between cytosine modifications and
gene regulation, genes found associated with DMRs and DHMRs highlight the diversity of processes
de novo methylation and demethylation might target during olfactory memory formation: such as CS
perception (e.g. OR151), US perception (e.g. Octopamine receptor), second messenger cascades
(e.g. guanylylcylase, foraging), synaptic processes (e.g. NeurexinI, synaptotagmin1, cadherin) and
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transcriptional control (e.g. ultraspiracle, ftz-f1, eyeless). This variety suggests that DNA methyla-
tion does not regulate one particular process or pathway after conditioning, but rather plays a more
generic role. This is emphasized by the fact that many transcription factors (TFs) are associated
with DMRs and DHMRs (Fig. 5.7 and Tab. 5.1). Any regulatory effect DNA methylation has on
these TFs will be multiplied by the number of target genes they regulate. Thus, 5mC and 5hmC
changes after learning have the potential to strongly affect the transcriptional landscape by regu-
lating only a small number of TFs. Indeed, the estimated number of target genes of those TFs
associated with DMRs and DHMRs here amounts to 1355 (Tab. 5.1). The effect a small number
of TFs can have on establishing a complex behavioural phenotype has been demonstrated in bees
before (Chandrasekaran et al., 2011; Khamis et al., 2015). It will be an interesting challenge of fu-
ture research to determine the significance of the TFs identified here for stimulus-specific long-term
memory formation and related behaviours.
One interesting aspect of the data presented here is the difference it depicts between ’static’ devel-
opmentally related and ’dynamic’ behaviourally related DNA methylation. To date, most studies in
bees analysed developmental differences (i.e. queen vs. worker) in methylation patterns (Kucharski
et al., 2008; Lyko et al., 2010; Ikeda et al., 2011; Shi et al., 2011; Foret et al., 2012; Herb et al.,
2012; Shi et al., 2013). The analysis of 5mC patterns related to behavioural plasticity has been rare
(Herb et al., 2012; Guan et al., 2013). The most interesting differences between developmentally
and behaviourally related methylation patterns is that the latter are reversible and inducible (Herb
et al., 2012). In bees, the CpG distribution of genes in the genome follows a bimodal pattern
(Elango et al., 2009). It has been suggested that this distribution is related to the overall 5mC
level of genes, as 5mCs are more prone to spontaneously mutate compared to unmethylated cyto-
sine (Cooper et al., 2010), depleting permanently methylated regions of cytosine over time. Not
surprisingly, therefore, strongly methylated regions have been predominantly found in CpG depleted
genes (Lyko et al., 2010; Nanty et al., 2011; Drewell et al., 2014). Conversely, here genes associated
with DMRs and DHMRs were enriched within the high CpGo/e class (Fig. 5.5). Generally, this class
contains genes which are expressed in a tissue-specific manner, perform specialised functions and are
less conserved (Elango et al., 2009; Hunt et al., 2010; Nanty et al., 2011). Thus it is not surprising
that genes associated with a distinct behaviour like memory formation rather belong to the high
CpGo/e class. This finding also suggests that there may be a fundamental difference in targeted
regions - also with regard to base composition - between ’static’ and ’dynamic’ DNA methylation.
The difference, however, could also simply reflect the biological role of the genes that are important
during development and behavioural plasticity.
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Conclusion Here I present the first genome-wide analysis of DNA methylation and hydroxymethy-
lation changes after olfactory reward conditioning in bees. I could identify several DMRs and DHMRs;
the majority of which occurred in introns with strongly increased abundance in proximity to the TSS
and TTS. An in-depth analysis of genes associated with DMRs and DHMRs revealed that they largely
had increased levels of CpGo/e and thus likely contained many tissue specific, specialised genes. One
particular functional group which was enriched in the associated set of genes was transcriptional
regulation. I could identify 19 TFs with 1355 predicted target genes which were associated with
DMRs and DHMRs after learning. Thus, differential regulation of TFs via de novo methylation
and demethylation after learning potentially affects a large number of genes. Most importantly, this
study highlights that demethylation after learning indeed plays an important role in bees and that
hmC may function as a crucial regulatory mark in this context.
5.5 Material and Methods
Honey bees and olfactory training A frame containing honey bee (Apis mellifera) brood was
taken from a hive on the roof of QBI at the University of Queensland, Brisbane, Australia. The
brood was kept in an incubator at 37◦C. Within 24 hours of hatching, bees were marked with a drop
of enamel paint (Tamiya, Japan) on their thorax and returned to a smaller hive, originated from the
original experimental hive. 10 days after hatching, bees of the same age were caught again in the
afternoon and mounted in plastic tubes in the lab. During the whole experimental procedure, bees
were kept in a humid incubator at 27◦C when not trained or tested. They were fed until saturation
the day of catching and from two hours on after training.
The day after catching, bees were trained with 1-hexanol (Sigma-Aldrich, St. Louis, USA; 1:100 in
hexane) as a conditioned stimulus (CS) and sugar water (1 M) as an unconditioned stimulus (US).
The CS was presented to the bees for 4s and followed by the US for 3s. Each training contained
two parallel groups where one received the CS and US with a 2s overlap between the stimuli (i.e.
paired), and the other one with a 5 min gap (i.e. unpaired). With paired training a bee learns
and forms a memory, whereas those with unpaired training do not. Thus, bees receiving unpaired
training served as a stimuli control. Bees were trained with 6 trials of odour sugar pairings and the
ITI was 10 min.
In sum, 5 behavioural replicates (i.e. training sessions containing both a paired and unpaired group
in parallel) were performed. 24 hours after training the bees were tested for their CS+ retention.
Bees not responding to sugar water during the training or after the test were excluded from the
experiment. Behavioural replicates were selected for sequencing when the paired group showed an
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average test response of >70% and the unpaired group of <20% (Learning rates: Appendix Fig.
8.12). This was done to ensure that only behavioural replicates were sequenced in which the learning
performance was sufficient. From these replicates, 5 bees of each group (i.e. paired and unpaired)
were chosen randomly and immediately snap frozen in liquid nitrogen. The brains were dissected on
dry ice and the whole brain - except the optical lobes - was kept at -80◦ until further processing.
DNA extraction and library preparation DNA was extracted from the whole brain - excluding
the optical lobes - of 5 pooled animals per behavioural group and replicate. For DNA extraction,
a Qiagen tissue DNA extraction kit (Qiagen, Hilden, Germany) was used according to the manu-
facturers recommendations. After extraction, DNA was stored at 4◦C until further processing. The
quantity of DNA was checked using a Qubit Fluorometer (Thermo Fisher Scientific, Waltham, USA)
and its quality using a Bioanalyzer (Agilent, Santa Clara, USA).
After extraction, DNA was sheared using a Covaris sonicator (Covaris, Woburn, USA). For shearing,
1.4 µg of DNA were used per sample, aiming for fragments of about 300 bp size. After shearing,
all samples were checked with the Bioanalyzer.
Following shearing all samples were split, and two independent libraries were created per sample,
where one was later used for 5mC capture and the other for 5hmC capture. For library preparation
a TruSeq HT kit for paired end sequencing (Illumina, San Diego, USA) was used, as this kit has
unmethylated adaptors (which is crucial for later antibody capture). Library preparation was per-
formed according to the manufacturers recommendations. Samples belonging to the same biological
replicate were always processed in parallel. After library preparation, libraries were pooled in two
sets. Each set contained all biological samples.
Methylation and hydroxymethylation capture The two sets of libraries were than either sub-
jected to a 5mC capture or a 5hmC capture. Capture was performed using the EpiQuik MeDIP
Ultra and the EpiQuik Hydroxymethylated DNA Immunoprecipitation kit (both Epigentek, Farming-
dale, USA). 500 ng of pooled library was used as input for capture. Alongside the samples, control
DNA (either fully methylated, hydroxymethylated or unmethylated) was run and later analysed using
Qubit and qPCR (Appendix Fig. 8.13c-f). The two samples derived from capture were subjected
to PCR amplification and following this checked again for quality using the Bioanalyzer (Appendix
Fig. 8.13a,b). The two samples obtained were than pooled in eqimolar ratios and handed to the
Queensland Brain Institute Sequencing Facility (Brisbane, Australia). All following sequencing steps
were performed by the sequencing facility. All samples were sequenced together in one lane on an
Illumina HiSeq2000 (Illumina, San Diego, USA).
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Data analysis First adaptor clipping was performed on the raw data using Trimmomatic (Bolger
et al., 2014). Following this, reads were aligned to the honey bee genome assembly 4.5 from bee-
base (http://hymenopteragenome.org/beebase/; Elsik et al. (2014)) using BWA (Li et al., 2013).
In most cases read pairs could be properly aligned (Tab. 5.3). Samtools (Li et al., 2009) was used
for quality checks and format conversion. All further analysis was performed in R (R Core Team,
2015).
As the current honey bee genome version is not yet incorporated into the BS-genome R-package, I
first forged an R-package containing the 4.5 genome assembly. For this all mapped and unmapped
parts of the genome were included, as they were for alignment. This was done because many un-
mapped parts of the genome assembly contain annotated genes. The newly created genome package
was then used with the MEDIPS R-package (Chavez et al., 2013) for further analysis. Reads were
analysed in 100 bp windows. A coupling vector was created for normalisation. All properly aligned
reads were used in the analysis for maximum sensitivity (Pepke et al., 2009). For the detection of
differentially methylated/hydroxymethylated regions edgeR (Robinson et al., 2010) was used (incor-
porated in the MEDIPS pipeline) and p-values were adjusted using the false discovery rate (FDR).
Each biological replicate was analysed individually in MEDIPS and a list of differentially methy-
lated/hydroxymethylated regions was produced. Those regions, which were significant (i.e. FDR
adjusted p-value <0.05) in at least 2 biological replicates, were selected as candidates. This thresh-
old was chosen as I here was interested in compiling a comprehensive list of potential Dnmt and
Tet target genes. Previous genome-wide studies have shown that individual methylomes related
to a particular behaviour (e.g. foraging) are similar, but not the same (Herb et al., 2012). A
similar phenomenon is known from complex neurodevelopmental disorders such as Autism, which
are associated with mutations in certain pathways and gene networks rather than specific genes
(An and Claudianos, 2016). Especially, considering the stochastic component of DNA methylation
(Feinberg and Irizarry, 2010; Jeltsch and Jurkowska, 2014) it is a possibility that patterns in DNA
methylation related to certain behaviours are rather found in pathways or functional groups than
individual genes. Furthermore, as DNA methylation or demethylation is not directly targeted to
specific cytosines DNA methylation marks could occur at varying sites within a target gene. Thus,
at this stage a high sensitivity in detecting possible Dnmt and Tet target sites following learning is
helpful in generating hypothesis for future research. All further analysis was performed with these
candidates.
First, the candidate list was annotated using the most current honey bee gene set (i.e. official gene
set 3.2, beebase) (Elsik et al., 2014). Some of the regions could not be annotated, as they were
located on unmapped genome fragments, which did not contain genes (5mC ↑: 25%; 5mC ↓: 20%;
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5hmC ↑: 6%: 5hmC ↓: 3%). It thus was not possible to determine how close these regions are to
genes, as their exact location in the genome is unknown. All genes which were within +/- 5 kb of a
candidate region were then further analysed. This matches criteria previously used in a similar study
(Guo et al., 2011). From BioMart (Smedley et al., 2015) Drosophila melanogaster orthologs for
these genes were derived. The list of orthologs (Appendix Tab. 8.3) was then used for gene ontology
analysis using GeneMerge (Castillo-Davis and Hartl, 2003) (all enriched GO terms: Appendix Tab.
8.4-8.6). On average, 54% of the associated honey bee genes had D. melanogaster orthologs listed
in BioMart.
Table 5.3: Number of reads after quality trimming and number of properly paired reads per sample.
Sample Number of Reads Properly paired reads
Paired Methylation 1 24,540,046 23,086,761
Paired Methylation 2 44,141,918 42,405,703
Paired Methylation 3 11,882,747 11,181,890
Paired Methylation 4 3,151,599 2,966,556
Paired Methylation 5 6,192,903 5,835,280
Paired Hydroxymethylation 1 14,399,568 13,856,993
Paired Hydroxymethylation 2 8,492,549 8,173,097
Paired Hydroxymethylation 3 5,890,535 5,671,177
Paired Hydroxymethylation 4 4,415,434 4,149,733
Paired Hydroxymethylation 5 4,415,681 4,152,731
Unpaired Methylation 1 6,823,353 6,424,232
Unpaired Methylation 2 6,725,871 6,477,108
Unpaired Methylation 3 3,646,393 3,431,628
Unpaired Methylation 4 1,487,117 1,402,396
Unpaired Methylation 5 1,612,494 1,517,864
Unpaired Hydroxymethylation 1 7,847,623 7,393,584
Unpaired Hydroxymethylation 2 4,399,659 4,144,657
Unpaired Hydroxymethylation 3 6,697,160 6,298,412
Unpaired Hydroxymehylation 4 4,316,742 4,063,566
Unpaired Hydroxymethylation 5 1,502,101 1,409,998
Furthermore, I calculated the CpGo/e of the genes associated with candidate regions. The
following formula was used for this: CpGo/e =
PCpG
PC×PG Where PCpG, PC and PG are the frequencies
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of CpGs, cytosines and guanines in the analysed region of the genome. For the calculation I here
used the whole gene, including introns, as it was performed previously (Elango et al., 2009). For
visualisation I estimated the distribution of all genes in the genome based on the values given by
Elango et al. (2009) and plotted them with my data. On average, the DMR and DHMR associated
genes had a CpGo/e of 1.38 (i.e. 5mC ↑: 1.3; 5mC ↓: 1.4; 5hmC ↑: 1.4: 5hmC ↓: 1.4), which is
close to the mean of 1.5 for the class of high CpGo/e genes (Elango et al., 2009).
To analyse the relationship between gene expression and associated genes found here, I compared
my data with four studies investigating gene expression after learning assays (Wang et al., 2013;
Qin et al., 2014; Cristino et al., 2014) or behavioural maturation (Khamis et al., 2015). To estimate
whether the overlap in differentially expressed genes and genes associated with DMRs and DHMRs
occurred by chance or showed a significant over-representation, the hypergeometric probability was
calculated as has been done previously (Guan et al., 2013).
Data was visualised using R (R Core Team, 2015) and the Integrated Genome Brower (Nicol et al.,
2009).
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General Discussion
The overarching aim of this thesis was to investigate the role of DNA methylation in honey bee mem-
ory formation. I specifically focussed on behavioural, physiological and molecular features regulated
by DNA methyltransferases (Dnmts) during memory formation. Previous studies established that
Dnmts affect the stimulus-specificity of long-term memory and its extinction (Lockett et al., 2010;
Biergans et al., 2012). Building on these studies, I here used behavioural, physiological and molec-
ular approaches to extend our understanding of how, when and where DNA methylation regulates
long-term memory formation in bees.
6.1 Overview of findings
This thesis studied the role of DNA methylation in the regulation of honey bee stimulus-specific
long-term memory (LTM) formation using behavioural, physiological and molecular assays. The
first study (Chapter 2) investigated the effect of Dnmt inhibition on memory specificity. Two as-
pects were focussed on here: (1) whether Dnmts regulate stimulus-specific memory formation in
a learning dependent manner; and (2) whether Dnmts’ role during memory formation is robust
against crucial alterations in the training protocol. In all experiments odours (i.e. conditioned
stimulus, CS) and sugar water (i.e. unconditioned stimulus, US) were used as stimuli and bees
were treated with the Dnmt inhibitors RG108 or Zebularine 2 hours after the training and tested at
22 hours. The na¨ıve odour and sugar responses, as well as memory retention and specificity after
paired (i.e. overlapping CS and US) or unpaired (i.e. 5 minute gap between CS and US) olfactory
reward training were also tested. Dnmt inhibition did not affect stimuli responses in na¨ıve bees or
those trained with unpaired conditioning. After paired training stimulus-specific memory was im-
paired by Dnmt treatment regardless of the inhibitor or inter-trial interval used. Following one trial
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training, however, stimulus-specific memory was enhanced. These results suggest that Dnmts reg-
ulate associative, rather than non-associative, components of stimulus-specific memory formation.
Furthermore, stimulus-specific memory was affected by Dnmts across varying training conditions,
whereas the directionality of Dnmt-dependent regulation changed with the number of training trials.
Additionally, this study showed that both inhibitory and excitatory components of relearning were
affected by Dnmts. Importantly, a meta-analysis confirmed that Dnmts are involved in regulating the
relearning and specificity of LTM, but not in regulating stimulus perception in the absence of learning.
The second study of this thesis (Chapter 3) investigated the role of Dnmts in regulating odour
identity processing in the primary olfactory center (antennal lobe, AL) of honey bees. Bees were
trained with olfactory reward conditioning and treated with the Dnmt inhibitor RG108. AL activity
in response to the trained and a novel odour was assessed 48 hours after training using Ca2+-imaging
of AL output neurons (projection neurons, PNs). Dnmt inhibition reduced the Euclidean distance
(i.e. dissimilarity) of odour response patterns between the trained and novel odour early after odour
onset (i.e. 80-160 ms after), indicating there is a delay in odour pattern segregation. Furthermore,
Dnmt inhibition specifically affected the number and strength of glomeruli responding to the novel
odour. Importantly, these effects occurred only in bees trained with a paired protocol and not in
a parallel experiment with an unpaired protocol. Thus, Dnmts seem to affect associative changes
occurring after olfactory reward conditioning; likely promoting fast odour pattern segregation by
regulating response properties of glomeruli not strongly active during the training.
The third study of this thesis (Chapter 4) investigated the molecular mechanisms underlying Dnmt-
mediated regulation of stimulus-specific LTM formation. Honey bees were trained with olfactory
reward conditioning as before, and treated with either the Dnmt inhibitor RG108 or Zebularine.
24 hours after the training, the expression of 30 memory-associated genes was assessed. Nine of
these genes were upregulated after treatment, indicating Dnmts negatively affect the expression of
a subset of memory-associated genes during stimulus-specific memory formation. Bisulfite-based
Mass spectrometry analysis showed memory-associated methylation changes 24 hours after condi-
tioning in some of these genes. Finally, I analysed the expression of the DNA methylation and
demethylation machinery (i.e. Dnmts and Tet) during the first hours after conditioning. Dnmt1b
and Tet were found upregulated after 1 hour, whereas Dnmt3 was only upregulated 5 hours after
conditioning. These results suggest that Dnmts and Tet might be active during a period crucial for
memory consolidation, which in turn can affect gene expression and methylation patterns in a subset
of memory-associated genes. Furthermore, the de novo methylation and demethylation pathways
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may be important at different time-points after olfactory reward conditioning.
The fourth study of this thesis (Chapter 5) investigated the genome-wide changes in DNA methyla-
tion and hydroxymethylation (i.e. intermediate of the TET-mediated demethylation pathway). Bees
were trained using olfactory reward conditioning and methylation and hydroxymethylation patterns
were analysed using a MeDIP and hMeDIP sequencing approach. I could identify memory-associated
methylation and hydroxymethylation changes 24 hours after conditioning. The majority of these
changes occurred in the gene body, specifically in introns. Interestingly, a number of changes oc-
curred adjacent to the transcription start and termination sites, suggesting a role in transcription
initiation and termination. Methylation and hydroxymethylation changes often occurred within the
same 100 bp segment, suggesting that de novo methylation and demethylation processes act in spa-
tial proximity after conditioning. Chapter 4 suggests, however, that they may be active at different
times. Many genes associated with methylation changes were predicted to function in transcriptional
control. These included 19 transcription factors (TFs) that have been previously associated with
behavioural maturation or complex behavioural control in bees. These TFs putatively target 1355
genes, indicating there could be a strong indirect impact of Dnmt and Tet-mediated regulation on
the overall transcriptional landscape following olfactory reward conditioning.
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6.2 Implications of findings
The results of this thesis show that Dnmts affect associative components of stimulus-specific LTM
formation on the behavioural (Chapter 2) and physiological level (Chapter 3). Furthermore, Dnmts
affected stimulus-specific LTM formation across variations in the olfactory reward conditioning pro-
tocol, whereas the directionality of Dnmt-related changes was dependent on the trial number during
olfactory reward training (Chapter 2). Additionally, Dnmt inhibition affected expression rates of a
specific subset of memory-associated genes (Chapter 4) and olfactory reward conditioning caused
lasting (at least 24 hours) methylation and hydroxymethylation changes in the genome (Chapter 4
and 5). Finally, I found that Dnmts affected early (80-160 ms) odour response pattern segregation
and the glomerular responses to a novel odour. In sum, these results highlight molecular, physiolog-
ical and behavioural mechanisms that are mediated by DNA methylation and demethylation during
stimulus-specific LTM formation in honey bees.
6.2.1 Specificity of memory: its behavioural importance and the role of
consolidation in establishing it
This thesis focussed on the analysis of regulatory mechanisms in stimulus-specific memory forma-
tion. Stimulus-specificity is a feature of memory formation which describes the ability to specifically
remember a learned stimulus and to not generalise this memory to other similar stimuli. This ability
is particularly important when bees frequently revisit a food source whilst foraging. A non-specific
memory could arguably result in bees foraging from a new, less productive site, rather than the
previously visited food source. But, generalisation is not always disadvantageous. One example
for generalisation being beneficial is language learning in humans, during which learned rules are
generalised to similar phonetic structures based on few examples (e.g Fenn et al. (2003)). On the
other hand trauma is a striking example of maladaptive aspects of generalisation, where a harmful
experience translates as ’fear’ of unrelated but similar situations. Although honey bee associative
reward learning is a less demanding cognitive task than rule learning and does not involve emotional
memories such as a traumatic experience, the same general principle applies to the generalisation
processes. The brain needs to tightly regulate and prioritise how learned information is generalised
to similar stimuli or situations.
Honey bee studies indeed show that generalisation patterns, if not caused by strong sensory similar-
ities of stimuli, differ depending on the circumstances a stimulus was learned under (Wright et al.,
2008; Lefer et al., 2013). A similar relationship has been described in mice where generalisation after
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absolute odour fear conditioning is stronger than after differential conditioning (Chen et al., 2011).
Interestingly, the latter study also showed that increased generalisation was associated with reduced
odour discrimination in the olfactory cortex. This was mainly due to enhanced suppressive odour
responses. Similarly, increased generalisation after Dnmt inhibition in honey bees was associated
with slower odour pattern segregation and decreased glomeruli responses to a new odour, which
may be due to enhanced inhibition (Chapter 3).
The results of this thesis suggest that Dnmts can regulate the specificity of memory bidirection-
ally (Chapter 2) depending on the circumstances during the training. Dnmts can either promote
(e.g. following multiple trial training) or oppose (e.g. following one trial training) the specificity
of memory. This thesis and previous studies (Lockett et al., 2010; Biergans et al., 2012) focussed
on the role of Dnmts after multiple trial olfactory reward conditioning. Thus, to date, it remains
elusive how Dnmts might regulate the specificity of memory bidirectionally. We can speculate,
however, that the temporal dynamics of Dnmt-mediated regulation might differ depending on the
exact training protocol used. Importantly, evidence suggest that histone acetylation - another type
of epigenetic mechanism investigated in bees - shows different dynamics after one and multiple trial
training (Merschbaecher et al., 2012). A modification of histone 3 - the acetylation at the 18th
lysine on the histone tail (H3K18ac) - is increased between 0.5 - 2.5 hours after multiple trial olfac-
tory reward conditioning, whereas it is only increased 0.5 hours and then decreased 2.5 hours after
one trial conditioning. Interactions between Dnmts and histone modifications have been described
previously (Otani et al., 2009; Zhang et al., 2010; Dhayalan et al., 2010; Baubec et al., 2015). The
dynamics of histone modifications may therefore contribute to the bidirectional effect of Dnmts on
stimulus-specific memory formation and influence Dnmt-mediated gene regulation.
Interestingly, memory specificity has been repeatedly linked to memory consolidation in a variety of
species (Wiltgen and Silva, 2007; Diekelmann et al., 2010; Ichinose et al., 2015). These studies show
that memory becomes less specific after sleep (Diekelmann et al., 2010) or after a certain period
of time required for consolidating memory (Wiltgen and Silva, 2007; Ichinose et al., 2015). The
connection between memory consolidation and specificity is intriguing, as it implies that memory
specificity is regulated and changes during the hours and days following a learning event. Here I
could show that the de novo Dnmt (i.e Dnmt3) is active during a time period relevant for memory
consolidation, supporting a role of memory consolidation also in honey bee memory specificity. The
idea that Dnmts regulate memory specificity during a period important for memory consolidation
is further supported by the finding that non-consolidated memories are not dependent on Dnmts
(Biergans et al., 2012). Assuming that de novo methylation regulates memory specificity during
memory consolidation raises an interesting question: Is Dnmt3 upregulated - and active - during
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memory consolidation because it regulates memory specificity? Or, is memory specificity regulated
by Dnmts because they are active during memory consolidation? Although potentially a chicken-egg
problem: the answer could provide important insights into whether certain epigenetic mechanisms
are recruited to regulate specific components of behaviour; or whether the regulation is merely coin-
cidental while regulating more generic processes of the nervous system that indirectly affect memory
specificity (e.g. activity-induced homeostatic plasticity; see section 6.2.4).
Not only in honey bees have epigenetic mechanisms been related to memory specificity. In mice the
ability to discriminate between familiar and new objects is impaired in Dnmt3a conditional knockout
(forebrain) mice (Morris et al., 2014). It has to be noted, though, that in this task an impairment
of memory formation can not be distinguished from one of memory specificity. Alternately, there is
clear evidence histone modifications are involved in memory specificity in mice: inhibition of histone
deacetylases after auditory reward conditioning enhanced memory for the specific frequency of the
stimulus (Bieszczad et al., 2015).
The evidence presented in this thesis and in previous studies (Morris et al., 2014; Bieszczad et al.,
2015) confirm the importance of epigenetic mechanisms in regulating memory specificity during a
period of memory consolidation. The well established honey bee associative learning assays are all
suitable for testing memory specificity in addition to memory strength. Future research in this model
species will facilitate in-depth analysis of the relationship between epigenetic mechanisms involved
in memory consolidation and memory specificity.
6.2.2 Temporal aspects of epigenetic regulation of stimulus-specific mem-
ory formation
Demethylation and de novo methylation may be required at different time points during
stimulus-specific memory formation. The results of (Chapter 4) suggest a specific temporal
order of Dnmt- and Tet-mediated regulation following olfactory reward conditioning (summarised in
Fig. 6.1b). The de novo Dnmt (Dnmt3) was upregulated 5 hours after conditioning, whereas the
maintenance Dnmt (Dnmt1b) and the demethylation gene (Tet) were already upregulated after 1
hour. Even though I only investigated mRNA and not protein levels here, this result suggests that
de novo methylation is required at a later timepoint during memory formation than maintenance
methylation and demethylation. Additionally, methylation and hydroxymethylation changes were
present 24 hours after conditioning (Chapter 4 and 5), whereas Dnmts and Tet were downregulated
or at baseline levels at this timepoint (Chapter 4), suggesting changes induced during memory
formation were stable. These results suggest an intriguing temporal dynamic underlying Dnmt- and
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Tet-mediated regulation following olfactory reward conditioning. One possibility is that maintenance
methylation and demethylation are simply required before de novo methylation during memory
formation. However, it is also possible that demethylation might trigger de novo methylation. The
finding that Dnmt3 is upregulated following Dnmt inhibition - thus in a situation with lower global
methylation levels - supports this idea (Chapter 4). This result suggests that Dnmt3 expression
might be regulated by varying DNA methylation levels at its promoter (Biergans et al., 2015). The
data presented here, however, does not conclusively prove such an auto-regulatory mechanism; but
this possibility is certainly worth considering, especially as a similar relationship has also been found
recently in mammals (Kumar et al., 2015): In trained Tet1 knock-out mice - with reduced 5hmC and
mostly unchanged 5mC levels - genes belonging to active demethylation pathways were upregulated.
Besides a possible temporal relationship between demethylation and de novo methylation, my data
also suggests a spatial relationship: 24 hours after olfactory reward conditioning many methylation
and hyrdoxymethylation changes occurred within the same 100 bp fragments (Chapter 5). Thus,
Dnmts and Tet seem to target some of the same regions after conditioning. This result could again
hint towards a temporal order of demethylation and de novo methylation. It would be unlikely that
demethylation and de novo methylation would occur within the same region at the same time, as this
would mean these mechanisms would actively counteract and equal each other out. A more realistic
scenario would involve Tet-mediated demethylation of specific regions, which are later re-methylated
by Dnmts. This hypothesis better fits the data in Chapter 4, which shows there is a temporal order
of expression of Tet and Dnmt3. It also agrees with studies of gene expression after learning in bees:
Olfactory reward conditioning induces two waves of gene expression, the first occurring during and
the second several hours after conditioning (Lefer et al., 2013); 24 hours after the training, however,
most genes have returned to baseline levels or are downregulated (Qin et al., 2014; Wang et al.,
2013; Cristino et al., 2014). Interestingly, negative regulators of translation - such as microRNAs -
are upregulated at this time point (Qin et al., 2014; Cristino et al., 2014). Under the assumption
that demethylation generally promotes transcription and de novo methylation generally prevents it,
Tet being active before Dnmt3 fits into the general transcription dynamics after conditioning. This
said, there are many unresolved questions regarding this hypothesis as we do not yet know exactly
how methylation and demethylation affect transcription. Furthermore, it remains unclear whether
Dnmt3 and Dnmt1 show the same preferences for de novo and maintenance methylation in honey
bees as in mammals (Bestor and Ingram, 1983; Yoder et al., 1997; Okano et al., 1999). It is also
worth mentioning that Dnmt3 has been found to be upregulated after 0.5 hours in bees following
differential conditioning (Lockett et al., 2010). Thus, it is likely that depending on the training
parameters used, DNA methylation and demethylation have different temporal dynamics, as has
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been previously observed for histone modifications (Merschbaecher et al., 2012).
DNA methylation might interact with histone modifications occurring early after olfactory
reward conditioning. As mentioned in the previous section, an upregulation of Dnmt3 5 hours
after conditioning suggests it is required during a critical period for memory consolidation. This
raises the question of what mechanisms might activate and target Dnmt3 to relevant genomic areas
at a time point late after conditioning. To date, this question is still largely unresolved. One
established connection, however, is that the ADDz and PWWP domains present in Dnmt3 (Fig.
1.4) prevent and respectively promote binding to certain histone modifications (Otani et al., 2009;
Zhang et al., 2010; Dhayalan et al., 2010; Baubec et al., 2015). In honey bees, histone acetylation
is involved in regulating CS+ memory strength (Merschbaecher et al., 2012). Interestingly, histone
3 acteylation at lysine 18 (H3K18) increases 0.5 hours (earliest time-point measured) after olfactory
reward training and stays elevated for at least 2.5 hours (Merschbaecher et al., 2012). There is
as yet no evidence for histone modification and Dnmt interactions in honey bees. It is, however,
entirely possible that - based on the domains present in honey bee Dnmt3 - early changes in histone
modifications could guide later Dnmt3 activity during memory consolidation. So far the effect
of histone modifications on memory specificity has not been assessed in honey bees, but reports in
mice suggest the involvement of histone deacetylation in regulating memory specificity after auditory
reward conditioning (Bieszczad et al., 2015).
6.2.3 How do DNA methylation and demethylation regulate genes?
’Dynamic’ and ’static’ DNA methylation may regulate a different subset of genes. Most
studies investigating DNA methylation in honey bees looked at ’static’ methylation changes related
to a developmental phenotype (Lyko et al., 2010; Ikeda et al., 2011; Shi et al., 2011; Foret et al.,
2012; Herb et al., 2012; Shi et al., 2013; Drewell et al., 2014; Li-Byarlay et al., 2013) or were
indiscriminate of behavioural or developmental states (Zemach et al., 2010; Cingolani et al., 2013).
So far, only few studies have assessed ’dynamic’ DNA methylation by analysing differences between
behavioural phenotypes (i.e. nurses, foragers and reverted nurses) (Herb et al., 2012; Guan et al.,
2013). Interestingly, their results show for the first time that methylation patterns related to a
behavioural phenotype can be specific and reversible (Herb et al., 2012; Guan et al., 2013). These
studies, however, did not analyse the distribution of ’dynamic’ DNA methylation in depth. A study by
Cingolani et al. (2013) described that only CpG methylation is predominant in exons, whereas CHH
methylation - which is about 5 times as abundant - is predominant in introns. This analysis disagrees
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somewhat with earlier studies, which argued that the vast majority of methylation is at CpGs in ex-
ons (Zemach et al., 2010; Lyko et al., 2010). Based on the earlier assumptions, Herb et al. (2012)
focussed their analysis of ’dynamic’ methylation on CpGs. It is therefore not surprising that they
found the majority of differentially methylated regions (DMRs) in exons. Furthermore, neither Herb
et al. (2012) nor Guan et al. (2013) analysed CpGo/e levels in DMR associated genes. Thus, to date
a comprehensive analysis of the genomic distribution of ’dynamic’ methylation and hydroxymethy-
lation patterns related to behavioural plasticity is missing in honey bees. Here, I attempted such
an analysis based on memory-associated changes in methylation and hydroxymethylation patterns
(Chapter 5). This analysis highlighted both similarities and differences with previously identified dis-
tributions of ’static’ DNA methylation. I found that the distribution of olfactory memory-associated
DMRs and DHMRs across genomic regions resembles the general 5mC and 5hmC distribution de-
scribed by Cingolani et al. (2013). Cingolani et al. (2013) obtained their results by analysing a new
data set and a previously published study (Lyko et al., 2010) using several different bioinformatic
approaches, which were not biased towards CpG sites. Furthermore, they analysed the genomic dis-
tribution of 5hmC, producing the most comprehensive analysis of the genomic distribution of 5mC
and 5hmC in the honey bee brain to date. Interestingly, Cingolani et al. (2013) also described large
absolute numbers of methylated cytosines in intergenic regions. Similarly, many DMRs and DHMRs
occurred in intergenic regions in my study (Chapter 5), suggesting targeting of regulatory regions
(e.g. enhancers) is an important component of transcriptional regulation. Furthermore, DMRs and
DHMRs associated with memory formation were most abundant flanking the transcription start
and termination site (Chapter 5), suggesting that transcription initiation and termination may be
affected.
Another feature - the CpGo/e content of genes associated with DMRs - differs, however, between
this study and earlier developmentally focussed studies. Elango et al. (2009) and Lyko et al. (2010)
reported that most 5mC sites are associated with genes with a low CpGo/e (i.e. observed over ex-
pected CpG of a genomic region) content. The results presented here suggest that genes associated
with memory-related DMRs or DHMRs have a high - rather than low - CpGo/e (Chapter 5). High
CpGo/e genes perform specialised functions and show tissue specific expression (Elango et al., 2009;
Nanty et al., 2011), making them good candidates for being invovled in complex behaviours.
It will be crucial for future studies of DNA methylation and hydroxymethylation associated with
behavioural plasticity to carefully analyse the genomic distribution of DMRs and DHMRs, in order
to gain information about how epigenetic regulation differs during behaviour and development.
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Transcriptional regulation by DNA methylation likely comprises a variety of mechanisms
that juxtapose each other. One of the most controversial aspects of DNA methylation is its
actually function in transcriptional regulation (for an overview see: 1.2.1). To date, DNA methylation
has been associated with gene expression silencing (Farthing et al., 2008; Han et al., 2011; Deaton
and Bird, 2011), locking in silenced chromatin states (Lock et al., 1987), actively transcribed genes
(Ball et al., 2009), alternative promoter regulation (Maunakea et al., 2010) and alternative splicing
(Shukla et al., 2011; Li-Byarlay et al., 2013). Thus, the effect DNA methylation has likely depends
on where in the genome it occurs. Promoter and enhancer methylation is rather associated with
repression of gene expression (Farthing et al., 2008; Han et al., 2011; Deaton and Bird, 2011),
whereas gene body methylation is associated with actively transcribed genes (Ball et al., 2009; Wu
et al., 2010).
Here, most differentially methylated (DMRs) and hdyroxymethylated regions (DHMRs) were located
in introns (Chapter 5). Thus, alternative promoter regulation might be a predominant task of DNA
methylation and demethylation during stimulus-specific LTM formation. As DMRs and DHMRs were
also located up- and down-stream of genes, in exons and in intergenic regions, DNA methylation
might, however, employ a variety of different tasks. This may be one reason why correlating DNA
methylation and gene expression in honey bees has produced mixed results and/or reported weak
effects (Herb et al., 2012; Guan et al., 2013; Cingolani et al., 2013). If DNA methylation - depending
on the genomic region - is either associated with an increase or decrease of expression, correlation
studies are bound to display ambiguous results. Therefore, the effect of DNA methylation on
transcription needs to be investigated for individual genes and the genomic region affected needs to
be considered.
In bees, a strong focus has been on establishing an association between alternative splicing and DNA
methylation. Several studies showed that alternatively spliced genes are enriched among methylated
genes (Foret et al., 2012; Flores et al., 2012) and DNA methylation is enriched at splicing sites in the
genome (Lyko et al., 2010; Herb et al., 2012; Cingolani et al., 2013). Furthermore, many alternatively
spliced genes are upregulated when Dnmt3 expression is reduced (Li-Byarlay et al., 2013). Thus,
much correlative evidence exists for an association between alternative splicing and DNA methylation
in honey bees. So far, however, conclusive evidence demonstrating the alternative splicing of a gene
in response to its methylation status is missing. Shukla et al. (2011) proposed a mechanism for
how alternative splicing - a process affecting mRNA, which does not retain information about the
methylation status of DNA - could be regulated by DNA methylation. They suggest that DNA
methylation can prevent the binding of a specific transcription factor which affects RNA polymerase
II (RNAPII) dynamics during transcription and in turn alternative splicing. A notable consideration
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is that RNAPII dynamics can not only affect alternative splicing, but also transcription initiation:
a certain histone variant at the transcription start site can, for example, cause pausing of RNAPII
and thus halt transcription initiation (Hardy et al., 2009). My thesis results confirm that memory-
associated DMRs and DHMRs were most abundant near the transcription start and termination sites
(Chapter 5). It is therefore possible that the mechanism described by Shukla et al. (2011) not only
affects alternative splicing, but also transcription initiation here. However, if transcription initiation
is affected, methylation changes could potentially change gene expression at a completely different
time-point (e.g. upon reactivation of neurons). Interestingly, the idea that DNA methylation could
regulate gene expression dynamics in response to later stimuli has been previously suggested (Baker-
Andresen et al., 2013).
Another aspect which has not yet been investigated in bees is the function of intergenic methylation.
The results of this thesis show that many DMRs and DHMRs occurred more than 5 kb up- or down-
stream of genes (Chapter 5). Previous studies also described the presence of large numbers of
5mC and 5hmC in intergenic regions (Cingolani et al., 2013). In mammals, regulatory regions that
are distantly located from genes (e.g. enhancers) can be regulated by DNA methylation (Wiench
et al., 2011; Aran et al., 2013; Magnusson et al., 2015). Unfortunately, in bees information about
the location of enhancers in the genome is limited. Thus, I could not yet determine how many
of the memory-associated DMRs and DHMRs overlap intergenic regulatory regions. This question
represents an important aspect for future research.
Part of this research challenge will be to investigate how a particular methylation change affects
transcription. The variety of different down-stream effects DNA methylation could have, likely
results in a complex regulatory pattern that we are just starting to understand.
6.2.4 Epigenetic mechanisms and the regulation of homeostatic plasticity
during memory formation
Guzman-Karlsson et al. (2014) hypothesised that epigenetic mechanisms may be crucial for the
regulation of homeostatic, rather than Hebbian, plasticity during memory formation. Indeed, recent
evidence that DNA demethylation affects synaptic scaling - a mechanism of homeostatic plasticity
- was reported by Meadows et al. (2015) and Yu et al. (2015).
To illustrate the idea behind this hypothesis, we can use an example from economics: Central banks.
Central banks control the supply of money. Money is an unspecific resource and can be used for
many different purposes; thus, controlling the supply of money can affect many different aspects
of society. All things being equal, changes in money supply will, however, not change the relative
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distribution of money between individuals. Now, the reason for central banks to control money sup-
ply is to buffer fluctuations in the economy. Any increase or decrease in money printing - hopefully
based on careful evaluation of economic performance - will in turn affect the whole economy. The
hypothesis that epigenetic mechanisms regulate homeostatic plasticity follows the same logic. Here,
epigenetic mechanisms control the supply of mRNA and changes in the supply of transcript are
based on an evaluation of the current and previous cellular states and will affect the whole cell. As
in the central bank example, changes in supply will by itself not affect the relative distribution of
resources between individual compartments (e.g. synapses). Thus, such a mechanism preserves the
relative features of the neuron (e.g. strong vs weak synapses), but adjusts the overall state of the
neuron in response to fluctuations caused by activity.
Homeostatic plasticity has helped explain neuronal network function in studies modelling learning
(Lazar et al., 2007; Zenke et al., 2015). Homeostatic plasticity comprises of mechanisms which
adjust the excitability, activity and overall synaptic weight of individual neurons and the overall neu-
ronal network (Schacher and Hu, 2014; Yin and Yuan, 2015). Several aspects of the data presented
in this thesis argue towards DNA methylation - specifically de novo methylation - potentially affect-
ing homeostatic, rather than Hebbian, plasticity in honey bees: (1) Dnmt3 was upregulated 5 hours
after olfactory reward conditioning (Chapter 4), suggesting Dnmt3 is likely required during a period
in which homeostatic, rather than Hebbian plasticity, plays a role (Fig. 6.1b,c). (2) Dnmts may
be important for down-regulating memory-associated genes (Chapter 4). This suggests that Dnmts
function as a ’normalisation’ mechanism at the transcriptional level, as proposed in my earlier study
(Biergans et al., 2015). Thus, they could possibly contribute to homeostatic plasticity occurring
within the same time-frame. (3) Genes involved in homeostatic plasticity (e.g. voltage-dependent
Ca2+-channels like cacophony) were differentially methylated or hydroxymethylated after olfactory
reward conditioning (Chapter 5). (4) My results show that Dnmts might mediate local inhibitory
networks in the primary olfactory center of the honey bee brain (Chapter 3). Inhibitory networks
are considered to normalise overall network activity following learning and thus play a homeostatic
role on the network level (Zenke et al., 2015; Yin and Yuan, 2015). (5) Dnmts do not affect
CS+ memory retention (Lockett et al., 2010; Biergans et al., 2012), as would be expected if they
would regulate Hebbian plasticity (Chapter 2). Stimulus-specific LTM formation is affected, how-
ever, (Biergans et al. (2012) and Chapter 2), a memory aspect likely influenced by overall neuron
and network activity during consolidation. In a neuronal network model only considering Hebbian
plasticity, for example, ’false memories’ can result from strengthening synaptic connections after
spontaneous activity (Zenke et al., 2015).
In summary, a chromatin memory trace - established by DNA methylation - can record and affect
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overall neuron activity and thus is possibly involved in stabilising neuron and network properties
after activation, rather than regulating Hebbian plasticity. Clearly, this conclusion is highly specula-
tive and although providing an attractive argument at the theoretical level (Guzman-Karlsson et al.,
2014) there is only limited in vitro evidence for a direct effect of DNA demethylation on homeostatic
plasticity at the present time (Meadows et al., 2015; Yu et al., 2015).
Considering the stability of DNA methylation marks after learning (Chapter 5) re-establishing home-
ostatic plasticity may not be the only function of DNA methylation in this context. As discussed
previously (Baker-Andresen et al., 2013) an additional role in marking previously active genes and
affecting their expression after reactivation is an interesting possibility. Thus, DNA methylation may
function both in the regulation of gene expression during memory formation, and as a molecular
memory trace of previous activity of plastic genes affecting future neuronal function.
Interestingly, a recent study went even further by arguing that not only are global neuronal states
stored in the nucleus, but also specific memory traces themselves, without the need of stable synapse
specific changes (Chen et al., 2014). Research in homeostatic plasticity and its regulation and func-
tion during memory formation is an emerging field and will no doubt be part of an exciting future
for epigenetic studies.
Although there are many unanswered questions, the data presented here - together with previous
studies - provide a basis for a more encompassing hypothesis concerning the role of DNA methylation
and demethylation in olfactory long-term memory formation (summarised in Fig. 6.1).
Summary and a novel model concerning the role of DNA methylation and demethylation
in olfactory LTM formation Dnmts regulate associative aspects of stimulus-specific LTM for-
mation. When Dnmts are inhibited, bees strongly generalise between the learned and a previously
unknown odour. Dnmts also affect odour identity processing in the primary olfactory center (an-
tennal lobe, AL) of bees. Specifically, after Dnmt inhibition the number and strength of responding
glomeruli decreases, which was associated with less distinct odour response patterns between the
trained and new odour responses. Figure 6.1a shows a visual example that highlights how this could
affect discrimination between the stimuli: two hues of blue become harder to discriminate if the
saturation (simile for odour response strength) is decreased in one of them.
Following olfactory reward conditioning, two waves of transcription have been identified (Fig. 6.1b,
grey areas) ranging from during to about 1 hour after training and from about 3.5 to 8 hours after
(Lefer et al., 2013). Furthermore, the majority of genes are expressed at baseline levels or below,
24 hours or longer after training (Qin et al., 2014; Wang et al., 2013; Cristino et al., 2014). The
expression of the methylation and demethylation machinery fits into this general expression pattern
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after training: Dnmt1b and Tet (Fig 6.1b, orange line) upregulation 1 hour after training coincides
with the 1st transcription wave (Chapter 4), whereas Dnmt3 (Fig. 6.1b, blue line) upregulation
coincides with the 2nd expression wave.
Figure 6.1: Summary and hypotheses derived from the data presented in this thesis: (a) Memory
specificity is an important aspect for bees during foraging when revisiting a previously found food source.
Dnmts regulate stimulus-specific olfactory memory (Biergans et al., 2012, 2015). The data presented in
this thesis showed that when Dnmts were not active, the glomeruli response strength in the AL was reduced.
As an example of how this could affect memory specificity, a visual simile with two hues of blue is shown.
When the intensity of one hue is reduced, they become harder to discriminate. (b) The gene expression
pattern of Dnmt1b and Tet (-) and Dnmt3 (-) fits into the general gene expression patterns observed
after associative training in bees (Lefer et al., 2013; Qin et al., 2014; Wang et al., 2013; Cristino et al.,
2014). (c) Homo- (Hebbian) and hetero-synaptic plasticity (black arrows - changes in synaptic strength)
act during the first seconds after training locally at individual synapses (red - active neuron, grey - inactive
neuron), whereas homeostatic plasticity is a process acting globally on the level of the whole neuron (shaded
red area - global changes in activity, synaptic weight and/or excitability) and/or neuronal network during
the hours and days following learning events.
After 24 hours all three are either at baseline or down-regulated coinciding with the general
expression pattern. Assuming methylation levels are negatively associated with gene expression,
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which is supported here for a subset of memory-associated genes (Chapter 4), early demethylation
may promote the 2nd transcription wave and de novo methylation may be involved in terminating
it. DNA methylation and demethylation dynamics fall into a period where memory consolidation
processes and homeostatic plasticity take place (Zenke et al., 2015; Yin and Yuan, 2015), suggesting
an association of methylation with these processes.
Homo- (Hebbian; enhanced synapse when both post-, presynaptic neuron are active) and hetero-
synaptic plasticity (non-Hebbian; diminished synapse when only postsynaptic neuron is active) take
place locally at synapses immediately after training (Fig. 6.1c) and initiate CS+ memory (termi-
nology here follows Zenke et al. (2015)). Because of their immediate occurrence after the training,
these processes are unlikely to be affected by Dnmt- and Tet-mediated changes. This conclusion
is supported by CS+ memory remaining intact after Dnmt inhibition, where memory specificity is
impaired (Biergans et al., 2012). Furthermore, memory specificity is an aspect of memory shown to
be dynamic during memory consolidation (Wiltgen and Silva, 2007; Diekelmann et al., 2010; Ichi-
nose et al., 2015), thus, during the same timeframe homeostatic plasticity takes place (Fig. 6.1c).
Additionally, genes potentially involved in homeostatic plasticity like the voltage-gated Ca2+ channel
cacophony are differentially methylated or hydroxymethylated 24 hours after training (Chapter 5).
Changes in histone acetylation, on the other hand, may possibly be important immediately after
learning and affect CS+ memory formation in bees (Merschbaecher et al., 2012). Dnmts can inter-
act with established histone modification patterns (Otani et al., 2009; Zhang et al., 2010; Dhayalan
et al., 2010; Baubec et al., 2015), thus suggesting they may target the same genes, but at different
time points.
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6.3 Limitations and future research
Research into epigenetic mechanisms in honey bees started in 2006 with the discovery of a func-
tional DNA methylation machinery, facilitated by the honeybee genome project (Honeybee Genome
Sequencing Consortium, 2006; Wang et al., 2006). The first reports concerning the role of DNA
methylation in behavioural plasticity date even later (Lubin et al., 2008; Lockett et al., 2010). Thus,
research into epigenetic regulation of behavioural plasticity is just emerging and leads to a wide array
of open questions that we are just starting to address.
Considering the specific topic of this thesis ’DNA methylation and the regulation of stimulus-specific
memory formation’, four open question are, in my opinion, of particular interest:
(1) What is the specific regulatory role of DNA methylation in transcription? This question
not only affects the field of behavioural plasticity research, but generally addresses a crucial issue in
the field of epigenetics. Even though there are some cases where DNA methylation can be clearly
related to gene repression (Jones, 2012), there are many other roles of DNA methylation discussed
such as alternative promoter regulation (Maunakea et al., 2010), alternative splicing (Shukla et al.,
2011) or securing and maintaining already repressed chromatin states (Lock et al., 1987). This
thesis provides examples of Dnmt inhibition affecting gene expression and that differentially ex-
pressed genes show changes in DNA methylation or hydroxymethylation. This, however, falls short
of demonstrating a mechanistic relationship between the expression of these genes and DNA methy-
lation or hydroxymethylation. Future research will have to determine how exactly DNA methylation
affects memory-associated gene transcription after training. One valuable approach would be to
systematically identify and characterise proteins binding to DNA methylation and hydroxymetylation
sites. So far in honey bees - and generally in invertebrates - only the presence of Dnmts, Tet and few
methyl-domain binding protein have been confirmed. This lack of knowledge in invertebrates partly
stems from the fact that two of the major invertebrate model organisms - Drosophila melanogaster
and Caenorhabitis elangans - do not possess DNA methylation in their genome. The identifica-
tion of down-stream mechanisms of DNA methylation and demethylation in bees will further our
understanding of how gene transcription is regulated by these base modifications. Invertebrates
have a different genomic distribution of 5-methylcytosine compared to vertebrates (Zemach et al.,
2010), with most of 5mC being present in the gene body. Gene body methylation is also present in
vertebrates - but not predominant - and is the most basal form of methylation with a potentially dis-
tinct regulatory role compared to intergenic methylation (for more information see: Section 1.2.1).
Therefore honey bees - and other invertebrates like ants and wasps - can provide important insights
into this basal form of methylation and its role in chromatin regulation.
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Besides providing mechanistic insights into the role of gene body methylation, understanding the
mechanics of honey bee methylation brings important insights by itself. Honey bees have a social
lifestyle and a rich behavioural repertoire, which allows the investigation of epigenetic regulation of a
wide range of complex behaviours. Furthermore, the genetic relatedness of honey bees - originating
from their haploid/diploid sex determination - reduces genetic variation and thus provides good con-
ditions for investigating epigenetic processes. Additionally, honey bees segregate into distinct castes
which are not genetically but purely environmentally determined (i.e. queens and workers), offering
a natural example of how environmental input can fundamentally alter behaviour, physiology and
morphology of an organism.
(2) What are the temporal dynamics of DNA methylation and demethylation? Several
results presented here suggest that there are interesting temporal dynamics underlying methylation-
related regulation. The DNA methylation and demethylation machinery, for example, is upregulated
in a particular temporal order after olfactory reward conditioning (Chapter 4). Furthermore, DNA
methylation and hydroxymethylation changes are still present 24 hours after training, although Dnmts
and Tet are downregulated at this time point. Evidence from studies of other epigenetic mechanisms
suggest that these changes might not necessarily affect the immediate expression patterns of genes,
but the expression dynamics when reactivated (Zovkic and Walters, 2015). Unravelling the temporal
relationship between the activity of Dnmts and Tet and the regulatory impact of the marks set by
them, will further our understanding of how DNA methylation regulates behavioural plasticity. A
crucial step for investigating this question in honey bees will be a combination of transcriptome and
methylome studies covering a wide range of time-points after olfactory reward conditioning, in order
to investigate how transcription and methylation patterns are correlated. Furthermore, it will be
important to determine whether the DNA methylation and transcription dynamics differ following
different training conditions (e.g. one and multiple trial training).
(3) Do DNA methylation and demethylation regulate homeostatic plasticity in the brain?
As hypothesised previously there is a possible interaction between homeostatic mechanisms and epi-
genetic regulation (Guzman-Karlsson et al., 2014). Recently, it was shown for the first time that
DNA demethylation affects homeostatic plasticity through synaptic scaling (Meadows et al., 2015;
Yu et al., 2015). Some of the data presented in this thesis also supports the idea that Dnmts and
Tet might regulate processes of homeostatic, rather than Hebbian, plasticity. Future research will
need to carefully analyse which cellular processes DNA methylation and demethylation regulate;
thus, whether they contribute to Hebbian changes at individual synapses or whether they regulate
cell-wide homeostatic changes in response to neuronal activity. Understanding cellular changes un-
derlying Dnmt- and Tet-mediated regulation will also help to better understand behaviours that are
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affected by these mechanisms. A feasible approach in the context of honey bee memory formation
would be to investigate synapse morphology and neuron activity over time, a technique described
by Minerbi et al. (2009), in the presence and absence of Dnmts and Tet. Such an experiment
would allow the analysis of cellular changes directly and thus provide the missing link between the
molecular and physiological data described in this thesis.
Importantly, synaptic scaling has been examined primarily in glutamatergic neurons (i.e. primary
excitatory pathway in vertebrate brain) (Schacher and Hu, 2014). Insects, however, use acetylcholine
as their primary excitatory neurotransmitter (Breer and Sattelle, 1987). Thus, it will be crucial to
investigate homeostatic plasticity in both excitatory and inhibitory neurons in honey bees in more
detail.
(4) What is the role of DNA demethylation in regulating memory? Evidence presented in
this thesis supports the idea that DNA demethylation is involved in the regulation of honey bee
memory formation. Several studies in mammals already established a role of Tet and Gadd45b in
aversive memory formation (Sultan et al., 2012; Rudenko et al., 2013; Kaas et al., 2013; Kumar
et al., 2015). I investigated only Tet expression and 5-hydroxymethylcytosine after olfactory reward
conditioning in this thesis and it remains unclear which aspects of memory formation are affected
by Tet-mediated demethytlation. A crucial future experiment will be to block Tet activity during
memory formation to assess whether it affects the same processes as Dnmts. Similarly, the con-
tribution of other demethylation pathways (e.g. Gadd45b-mediated active demethylation) should
be considered in future analysis. So far there is only a mechanism for Tet-mediated demethylation
confirmed in bees (Wojciechowski et al., 2014). It will be the scope of future studies to investigate
whether other demethylation pathways, such as those described in mammals (Li et al., 2013), are
present in honey bees and what their impact on memory formation is.
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6.4 Conclusion
Transcriptional regulation by epigenetic mechanisms - such as DNA methylation - is a crucial aspect
of long-term memory formation. In honey bees, memory specificity is affected by DNA methylation
- and potentially demethylation - after olfactory reward conditioning. This thesis aimed to further
investigate the role of DNA methylation in stimulus-specific long-term memory formation (results
and interpretation summarised in Fig. 6.1). The results presented here show that Dnmts affect
associative aspects after olfactory reward conditioning. Odour identity processing - in particular the
response to a novel odour - is already influenced by Dnmt activity in the primary olfactory center.
After olfactory reward training the DNA methylation and demethylation machinery is upregulated
and expression of a subset of memory-associated genes is affected by changes in DNA methylation.
Evidence suggests the presence of both direct (e.g. synaptotagmin1 : differentially expressed &
methylation changes) and indirect (e.g. target genes of transcription factors with methylation
changes) effects of DNA methylation on the transcriptional landscape during memory formation.
Finally, the data presented here allows speculation about the potential role of DNA methylation and
demethylation in homeostatic, rather than Hebbian, plasticity after olfactory reward conditioning.
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Appendix
8.1 Supplementary figures
Figure 8.1: Assessing the optimal treatment timepoint. Bees were treated with zebularine (2mM in DMF)
or the solvent DMF at different timepoints before or after training. Two sets of experiments were run with
all groups being run in parallel. (1) Bees were treated at 1 hour and 10 minutes before and 10 minutes
and 1 hour after training; (2) Bees were treated 1, 2, 3 and 4 hours after training; In experiment 2 PER
latency was also determined. (a) The discrimination index (CS+ - new) is shown. Treatment was most
effective between 1-3 hours after training. (b) The latency in PER after odour onset was measured. The
data is shown as the difference in PER latency (s) between the CS+ and new odour. Only, bees responding
to both odours were analysed. Bees responded faster to the CS+ than the new odour in all cases, but
treatment with zebularine reduced the difference in PER latency. This effect was strongest when bees were
treated 1-2 hours after training.
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Figure 8.2: Summary of all Perception studies present to date. Inhib - Inhibitor, Zeb - Zebularine, Vsu -
Vanilla in sugar water, Lsa - Limonene in salt water, a- after, b - before, NoB - Number of bees, RR -
Number of right responses, WR - Number of wrong response, C.R. (%) - % of bees with correct response,
Ref. - Reference, F - Figure, (i) - injected
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Figure 8.3: Summary of all Relearning studies present to date. Inhib - Inhibitor, Zeb - Zebularine, Vsu -
Vanilla in sugar water, Lsa - Limonene in salt water, a- after, b - before, NoB - Number of bees, RR -
Number of right responses, WR - Number of wrong response, C.R. (%) - % of bees with correct response,
Ref. - Reference, F - Figure, (i) - injected
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Figure 8.4: Summary of all Control studies present to date. Inhib - Inhibitor, Zeb - Zebularine, Vsu -
Vanilla in sugar water, Lsa - Limonene in salt water, a- after, b - before, NoB - Number of bees, RR -
Number of right responses, WR - Number of wrong response, C.R. (%) - % of bees with correct response,
Ref. - Reference, F - Figure, (i) - injected
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Figure 8.5: Summary of all LTM studies present to date. Inhib - Inhibitor, Zeb - Zebularine, Vsu - Vanilla
in sugar water, Lsa - Limonene in salt water, a- after, b - before, NoB - Number of bees, RR - Number
of right responses, WR - Number of wrong response, C.R. (%) - % of bees with correct response, Ref. -
Reference, F - Figure, (i) - injected
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Figure 8.6: Acquisition curves of the bees used for the (a) Ca2+-imaging and (b) M17 recording. Solid
lines are bees trained with a paired and dashed lines with an unpaired protocol.
Figure 8.7: Analysis of suitable housekeeping genes. The expression of 5 potential housekeeping genes in
bee brains was analysed under the conditions present in this study (Dnmt inhibitor treatment, olfactory
reward learning). Analysis using NormqPCR (Perkins et al., 2012) showed that RPL8 and RPL32 were
most stably expressed under these conditions. RPL32 additionally was more strongly expressed than RPL8
and was thus chosen as a housekeeping gene in this study.
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Figure 8.8: Amplicons for Sequenome analysis. Red - Not analysable section; Blue - analysable section;
green - can be analysed for conversion control; grey - weight outside measurement range; dots - CpG site
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Figure 8.9: Conversion control Sequenome analysis for all individual samples. L - Learner, U - Unpaired,
N - Naive
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Figure 8.10: Sequenome analysis p-values
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Figure 8.11: Sequenome analysis p-values continued
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Figure 8.12: Acquisition curves and memory retention of the bees used for the sequencing study.
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Figure 8.13: (a,b) Quality check of final libraries with Bioanalyser for (a) methylation capture and (b)
hydroxymethylation capture libraries. Qubit measurement of (c) fully methylated and (d) fully hydrox-
ymethylated control DNA after MeDIP and hMeDIP. qPCR measurement of (e) fully methylated and (f)
fully hydroxymethylated control DNA after MeDIP and hMeDIP.
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8.2 Supplementary tables
Table 8.1: Fluidigm primers
Gene candidate GB number (Assembly 4.0) Forward primer Reverse primer
Actin 17681 TTCCCATCTATCGTCGGAAG CTCTCTTTGATTGGGCTTCG
Aldoreductase 18109 TAGTCCCCTTGGATCACCTG TTGGGTCATCTGGTTTAGCC
Asparaginesynthetase (ASNS) 13219 TGGAATTTGGGCTCTTTTTG TTCTGGACCACGGTGTGTAA
Histone acetyltransferase p300 (HAT p300) 10171 ACCAAGTGGAGGTCAACCTG ATATTGTGGGTGGGCAAGAA
cAMP response element binding protein (CREB) 11585 AATTGCAACCCAAGGTGAAG TCAGTATGCACAAGGCCAAG
Cueball (cue) 17323 CCAAAAGACGGGAAAAATGA ACGCGTTAAAATCCCACTTG
DNA methyltransferase 1a (DNMT1a) 19865 TGATCCAAAAACAGATGAGGAA TACAGCACCATTCGGATGAC
DNA methyltransferase 1b (DNMT1b) 15130 GAAATTACATGGGTGGGAGAA GTCACTGCCTCTTCGAAACC
DNA methyltransferase 2 (DNMT2) 10767 TGAGTCCTCCATGTCAACCTT GCCAAATTGACAAGGGCTTA
DNA methyltransferase 3 (DNMT3) 14232 CCTCCAACTGGACTTTGGAC ACGTTCGGATTGTCCTTCAG
Ether a go-go (EAG) 15597 GATGACCAAGGGCCTAGACA ATGCTCGTTGAACACCTTCC
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 14798 GATGCACCCATGTTTGTTTG TTTGCAGAAGGTGCATCAAC
GB18684 18684 TATTGTTGCTTCGGATCGTG CGGTGTTCTTTTTCCGATCT
Histone 1B 12700 GCTAAGAAGCCAGCAACACC TACCTTCGATGCGCTCTTTT
Headcase (HDC) 11140 ATCCGGGAAGAGGAAGTGAT TGTTCTCCATGGTGTCGTGT
Histone 1.2 12218 GCCAATCCAACAAAGAAAGC ATTGGTGACCGTCGTGATTT
Heatshockprotein 90 (HSP90) 14758 GGCTGCCAAGAAGCATTTAG AGCTTCAGCTTTTTGCCTCA
cytoplasmic aconitate hydratase (Irp1) 16072 TATCGGAAAAGCTGGACCAC TATCGGAAAAGCTGGACCAC
Molybdenum cofactor sulfurase (mal) 18250 CATCCTTGCTAATGCTTCACC GCAACAATTCCTCCTTGCAT
molybdenum cofactor biosynthesis protein 1 (Mocs1) 11214 TTGTATGCCAGCAGAAGGAA TTGGTTCACCACCAGTTAAGC
Mitochondrial ribosomal protein L35 (Mrpl35) 14476 AACTTTTGCTGGCCGTCAT AACTTTTGCTGGCCGTCAT
Neprilysin 2(Nep2) 16619 TTGAAGAACAGCACGAAACG ATAATCCAAGAGCGGCTTGA
Neurexin I 13455 CGGAGAACGCTGCCTTAATA TCAGAACAATGGCGATCAAC
N-acetylneuraminate lyase(NPL) 17289 TAGTGAGGCAGCTCCAAACA CGAGGAATTCTCCCATGTGT
Pyridoxamine 5’-phosphate oxidase (PPO) 13619 TGTGGAGGCAGAGCCTTAGT TACACCGTCGCAAAAACTGA
RNA-polymerase (Rpb8) 10191 TATCCTGATGGAGGGGAGTG GGGTTCATTGCTTGCTTCAT
Ribosomal protein L32 (RPL32) 10903 CGTAACCTTGCACTGGCATT TTGCTCATGGTGTGAGCAGT
Regulatory particle non-ATPase 9 (RPN9) 16614 CAAGCTTTCAATGCTGGTGA CTTTGCTCCATTGTGGCTTT
Sec61beta 13924 CCCAGCAAAGCTATAGCACCT TTCATCAGAACCAGCTCCTGT
Stress sensitive B (sesB) 17499 TGATGTAGGCAAAGCTGGTG GGCAGCACGATAGATGATGA
Synaptotagmin 1 (Synt) 20036 CCAAACACGATCAGATCGGTG CTTCAGATCCGTACGTGAAGG
Ten-eleven translocation methylcytosine dioxygenase (Tet) 13880 TCACGAGCAAAAGACACCTGG ACATGTTTTCCGGCTTATCG
Table 8.2: Sequenome primer
Primer name Forward Reverse Size (bp)
CREB Promotor aggaagagagTTGGTAAGTATTTAGTTGGAGAATAA cagtaatacgactcactatagggagaaggctAACATCATCAAAACAAATAATATC 500
Dnmt3 Promotor 1 aggaagagagGAAATTTGGGAAGAAAGTGGG cagtaatacgactcactatagggagaaggctAAAAATTCTCTTCATCAAAAAAAAC 475
Dnmt3 Promotor 2 aggaagagagGTTTTTTTTGATGAAGAGAATTTTT cagtaatacgactcactatagggagaaggctAAATTCTTACCTAACCACCATCCC 318
HDC Promotor aggaagagagGTTTAAAATTGTTATTTGAAAGTGT cagtaatacgactcactatagggagaaggctCTATATTATCACACACACACCCATT 483
HDC Exon 1 aggaagagagGAAAAGTATAAGGGTGTGTTTGATA cagtaatacgactcactatagggagaaggctTTCCTAATAACATCCAATCCAAATC 491
Neurexin 1 exon/intron 17 aggaagagagTTTGGTAAATAGAGTATTTTGGAATTT cagtaatacgactcactatagggagaaggctAAAACATATCCAAACAATTTTCCCTAT 386
Neurexin 1 exon/intron 26 aggaagagagGAAATTGAAAAAGGAAAGTAATTAATAG cagtaatacgactcactatagggagaaggctAAAAACTAACAAACTCACCTAAC 484
Neurexin 1 5′end aggaagagagGAGAAATTTGATTGAGGAATGTGTT cagtaatacgactcactatagggagaaggctTTCCTAACCTCAAACCTCAAATATC 438
Synaptotagmin 1 Promotor/exon 1 aggaagagagATTTAAAGATGGGAAGAAAGGATTG cagtaatacgactcactatagggagaaggctTTTTACCTTATATTAAAATTTCCCA 267
Synaptotagmin 1 exon 2/3 aggaagagagGGAATTGTTAGTTTTGGATATGGGT cagtaatacgactcactatagggagaaggctCCAATTCAAATTTACCTAACCACCT 442
Synaptotagmin 1 exon 5 aggaagagagGGTATATTAGAATTTATTGGGAAGG cagtaatacgactcactatagggagaaggctATTCTTTTCTCTCATAAAAAAAACCTA 434
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Table 8.3: Apis mellifera - Drosophila melanogaster orthologs derived from Biomart
Apis mellifera gene ID Drosophila melanogaster gene ID
GB40010 FBgn0261836
GB40184 FBgn0030715
GB40196 FBgn0030715
GB40205 FBgn0262955
GB40212 FBgn0051004
GB40251 FBgn0003396
GB40302 FBgn0250906
GB40319 FBgn0032717
GB40356 FBgn0033710
GB40359 FBgn0023511
GB40405 FBgn0003159
GB40531 FBgn0023407
GB40624 FBgn0259247
GB40640 FBgn0001624
GB40652 FBgn0037026
GB40744 FBgn0014024
GB41003 FBgn0038118
GB41115 FBgn0039380
GB41147 FBgn0015622
GB41148 FBgn0034231
GB41164 FBgn0028497
GB41287 FBgn0034400
GB41317 FBgn0024249
GB41441 FBgn0026076
GB41464 FBgn0039938
GB41483 FBgn0001325
GB41492 FBgn0035520
GB41517 FBgn0259785
GB41669 FBgn0264291
GB41693 FBgn0040268
GB41786 FBgn0001138
185
Appendix
GB41797 FBgn0265935
GB41889 FBgn0037818
GB41972 FBgn0033028
GB41979 FBgn0035978
GB42043 FBgn0051159
GB42075 FBgn0053099
GB42142 FBgn0001078
GB42156 FBgn0035101
GB42201 FBgn0262869
GB42398 FBgn0030853
GB42454 FBgn0038058
GB42466 FBgn0031760
GB42482 FBgn0028670
GB42501 FBgn0010280
GB42603 FBgn0083963
GB42604 FBgn0040206
GB42647 FBgn0003382
GB42669 FBgn0035812
GB42691 FBgn0031764
GB42692 FBgn0003964
GB42761 FBgn0067864
GB42787 FBgn0259682
GB42797 FBgn0037288
GB42798 FBgn0053680
GB42810 FBgn0036987
GB42872 FBgn0010382
GB42880 FBgn0033350
GB42919 FBgn0038827
GB43005 FBgn0030594
GB43015 FBgn0052296
GB43114 FBgn0030508
GB43158 FBgn0031078
GB43172 FBgn0016696
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GB43245 FBgn0264815
GB43275 FBgn0266347
GB43282 FBgn0004435
GB43304 FBgn0037963
GB43412 FBgn0037023
GB43416 FBgn0032151
GB43462 FBgn0262582
GB43468 FBgn0000273
GB43591 FBgn0024184
GB43689 FBgn0034128
GB43712 FBgn0034071
GB44071 FBgn0031284
GB44197 FBgn0031955
GB44262 FBgn0004167
GB44325 FBgn0032929
GB44328 FBgn0085426
GB44336 FBgn0263995
GB44341 FBgn0010355
GB44416 FBgn0037897
GB44419 FBgn0013726
GB44462 FBgn0019624
GB44482 FBgn0261794
GB44653 FBgn0005427
GB44661 FBgn0259173
GB44663 FBgn0028993
GB44679 FBgn0027951
GB44753 FBgn0033233
GB44831 FBgn0038632
GB44848 FBgn0262742
GB44849 FBgn0262742
GB44850 FBgn0005654
GB44961 FBgn0042696
GB45017 FBgn0032256
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GB45194 FBgn0020391
GB45263 FBgn0051221
GB45335 FBgn0250908
GB45349 FBgn0040011
GB45406 FBgn0085387
GB45452 FBgn0000330
GB45490 FBgn0002638
GB45613 FBgn0030954
GB45617 FBgn0033919
GB45618 FBgn0263601
GB45683 FBgn0038597
GB45872 FBgn0031191
GB45905 FBgn0027287
GB45919 FBgn0259164
GB45950 FBgn0034479
GB45968 FBgn0000299
GB45972 FBgn0262018
GB46042 FBgn0031304
GB46066 FBgn0015268
GB46330 FBgn0002643
GB46342 FBgn0039688
GB46419 FBgn0004880
GB46429 FBgn0000527
GB46447 FBgn0037202
GB46490 FBgn0263706
GB46500 FBgn0038874
GB46516 FBgn0036770
GB46526 FBgn0035802
GB46532 FBgn0011566
GB46614 FBgn0053208
GB46759 FBgn0037736
GB46771 FBgn0013531
GB46788 FBgn0039879
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GB46815 FBgn0037571
GB47007 FBgn0038576
GB47354 FBgn0031725
GB47399 FBgn0000492
GB47400 FBgn0004110
GB47614 FBgn0259163
GB47749 FBgn0039419
GB47788 FBgn0261588
GB47976 FBgn0035308
GB48034 FBgn0002973
GB48079 FBgn0051954
GB48161 FBgn0034391
GB48205 FBgn0029930
GB48210 FBgn0052532
GB48301 FBgn0038197
GB48367 FBgn0044323
GB48462 FBgn0259745
GB48481 FBgn0004509
GB48521 FBgn0014037
GB48544 FBgn0032101
GB48579 FBgn0034814
GB48645 FBgn0263025
GB48674 FBgn0039280
GB48693 FBgn0039959
GB48749 FBgn0267698
GB48788 FBgn0264895
GB48837 FBgn0039008
GB48840 FBgn0011224
GB48932 FBgn0260935
GB48999 FBgn0001994
GB49076 FBgn0032938
GB49098 FBgn0020445
GB49149 FBgn0004647
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GB49174 FBgn0034261
GB49184 FBgn0032749
GB49188 FBgn0032891
GB49249 FBgn0054039
GB49363 FBgn0027562
GB49485 FBgn0027082
GB49511 FBgn0265597
GB49534 FBgn0027341
GB49535 FBgn0264607
GB49541 FBgn0085430
GB49568 FBgn0039916
GB49578 FBgn0038897
GB49650 FBgn0050497
GB49827 FBgn0033087
GB49864 FBgn0032205
GB49883 FBgn0030091
GB50064 FBgn0041605
GB50091 FBgn0003499
GB50126 FBgn0039654
GB50129 FBgn0040028
GB50181 FBgn0038917
GB50184 FBgn0265140
GB50194 FBgn0026402
GB50323 FBgn0032052
GB50332 FBgn0039932
GB50342 FBgn0005558
GB50355 FBgn0031660
GB50370 FBgn0040022
GB50376 FBgn0265487
GB50402 FBgn0037188
GB50430 FBgn0263929
GB50448 FBgn0039804
GB50540 FBgn0039584
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GB50548 FBgn0001313
GB50728 FBgn0029833
GB50729 FBgn0261090
GB50829 FBgn0005659
Table 8.4: GO-terms molecular function Group
GMRG Term Fraction P Corr. P 10% FDR 5% 1% 0.5%
Meth down
GO:0003705 2 of 12 0.002115041 0.04230082 T T T T
GO:0003700 2 of 12 0.067674003 1 T F F F
Meth up GO:0005515 5 of 18 0.006324985 0.20239951 T T T F
Hyd down
GO:0003677 29/310 2.17E-05 0.005811386 T T T T
GO:0003700 25/310 0.000173639 0.04653515 T T T F
GO:0003682 10/310 0.00118724 0.318180269 T T F F
GO:0005524 29/310 0.001935227 0.518640737 T T F F
GO:0043565 15/310 0.001967337 0.527246393 T T F F
GO:0008934 2/310 0.005798708 1 T F F F
GO:0042562 2/310 0.005798708 1 T F F F
GO:0046582 2/310 0.005798708 1 T F F F
GO:0004674 13/310 0.0062462 1 T F F F
GO:0008270 25/310 0.006622918 1 T F F F
GO:0008066 2/310 0.009875823 1 T F F F
GO:0015277 2/310 0.011045362 1 T F F F
GO:0046872 14/310 0.015359281 1 T F F F
GO:0015662 2/310 0.016290568 1 T F F F
GO:0042054 2/310 0.017738155 1 T F F F
GO:0051015 4/310 0.019842924 1 T F F F
GO:0008227 3/310 0.021287403 1 T F F F
GO:0000976 3/310 0.022141701 1 T F F F
GO:0042623 5/310 0.022586963 1 T F F F
GO:0061630 3/310 0.023905769 1 T F F F
GO:0001077 5/310 0.024553932 1 T F F F
GO:0008134 7/310 0.025483112 1 T F F F
GO:0004930 5/310 0.027163243 1 T F F F
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GO:0030674 2/310 0.027487568 1 T F F F
GO:0003887 2/310 0.027487568 1 T F F F
Hyd up
GO:0003705 9/333 0.000150796 0.046143426 T T F F
GO:0004872 7/333 0.00068864 0.210723807 T T F F
GO:0005042 2/333 0.000898289 0.274876448 T T F F
GO:0004994 2/333 0.000898289 0.274876448 T T F F
GO:0015171 5/333 0.001860881 0.569429472 T T F F
GO:0008188 5/333 0.002461732 0.753289877 T T F F
GO:0031683 3/333 0.002922994 0.894436267 T T F F
GO:0035005 2/333 0.003152754 0.964742817 T T F F
GO:0016303 2/333 0.003152754 0.964742817 T T F F
GO:0035004 2/333 0.003152754 0.964742817 T T F F
GO:0004772 2/333 0.003152754 0.964742817 T T F F
GO:0046934 2/333 0.003152754 0.964742817 T T F F
GO:0004935 2/333 0.003916052 1 T T F F
GO:0008261 2/333 0.00475608 1 T T F F
GO:0004222 6/333 0.005006033 1 T T F F
GO:0005524 29/333 0.005382378 1 T T F F
GO:0051020 2/333 0.005671305 1 T T F F
GO:0004115 3/333 0.007102673 1 T T F F
GO:0004725 5/333 0.007706005 1 T T F F
GO:0017137 4/333 0.009129247 1 T T F F
GO:0000977 4/333 0.009503909 1 T T F F
GO:0003700 21/333 0.010122756 1 T F F F
GO:0008158 2/333 0.011323331 1 T F F F
GO:0005262 3/333 0.012261265 1 T F F F
GO:0008201 3/333 0.014350809 1 T F F F
GO:0005515 34/333 0.015255713 1 T F F F
GO:0008307 4/333 0.015304205 1 T F F F
GO:0008332 2/333 0.01552362 1 T F F F
GO:0005249 4/333 0.015824801 1 T F F F
GO:0008301 3/333 0.019965347 1 T F F F
GO:0047555 2/333 0.020285414 1 T F F F
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GO:0043565 13/333 0.020432519 1 T F F F
GO:0019992 4/333 0.022291234 1 T F F F
GO:0017022 4/333 0.024987656 1 T F F F
GO:0004989 2/333 0.025573528 1 T F F F
GO:0008227 3/333 0.025608742 1 T F F F
GO:0005097 3/333 0.029797197 1 T F F F
GO:0001077 5/333 0.032016615 1 T F F F
Table 8.5: GO-terms biological process
Group GMRG Term Fraction P Corr. P 10% FDR 5% 1% 0.5%
Meth down GO:0045944 2 of 12 0.018295574 0.805005272 T T F F
Meth up
GO:2000331 2 of 18 0.000124547 0.024660219 T T T T
GO:0007628 2 of 18 0.000215536 0.042676203 T T T T
GO:0007157 2 of 18 0.000582436 0.115322399 T T T T
GO:0040018 2 of 18 0.000616567 0.122080326 T T T T
GO:0050808 2 of 18 0.000651648 0.129026311 T T T T
GO:0008347 2 of 18 0.001496285 0.296264336 T T T T
GO:0051124 2 of 18 0.004932387 0.976612683 T T T F
GO:0001745 2 of 18 0.008417561 1 T T F F
GO:0045893 2 of 18 0.013316736 1 T T F F
GO:0048749 2 of 18 0.021044834 1 T T F F
GO:0008340 2 of 18 0.025075324 1 T T F F
GO:0045944 2 of 18 0.039563075 1 T T F F
GO:0007411 2 of 18 0.062116146 1 T F F F
Hyd down
GO:0006355 27/310 2.20E-06 0.001852412 T T T T
Hyd down GO:0007398 6/310 4.23E-05 0.035629919 T T T F
GO:0035232 2/310 7.93E-05 0.066876822 T T T F
GO:0007615 4/310 0.000207274 0.174732316 T T F F
GO:0007478 2/310 0.000236589 0.199444862 T T F F
GO:0007400 5/310 0.000500497 0.421918677 T T F F
GO:1900087 3/310 0.000519503 0.437941299 T T F F
GO:0007346 5/310 0.00063956 0.539149428 T T F F
GO:0048800 4/310 0.000959545 0.808896546 T T F F
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GO:0070734 2/310 0.001162129 0.97967487 T T F F
GO:0008356 5/310 0.001171181 0.987305221 T T F F
GO:0048592 3/310 0.0015702 1 T T F F
GO:0016338 2/310 0.001617394 1 T T F F
GO:0061332 2/310 0.001617394 1 T T F F
GO:0007480 8/310 0.001660042 1 T T F F
GO:0007440 3/310 0.001754885 1 T T F F
GO:0007525 6/310 0.001913601 1 T T F F
GO:0006260 4/310 0.002307589 1 T T F F
GO:0008587 5/310 0.002449808 1 T T F F
GO:0016360 4/310 0.002592014 1 T T F F
GO:0035217 2/310 0.002740133 1 T T F F
GO:0007474 6/310 0.003040575 1 T T F F
GO:0050767 3/310 0.003146811 1 T T F F
GO:0045931 3/310 0.003725695 1 T T F F
GO:0016333 4/310 0.003775764 1 T T F F
GO:0007476 17/310 0.003943411 1 T T F F
GO:0007510 2/310 0.00413725 1 T T F F
GO:0061382 2/310 0.00413725 1 T T F F
GO:0007473 2/310 0.00413725 1 T T F F
GO:0045892 9/310 0.004215222 1 T T F F
GO:0007155 10/310 0.004692689 1 T T F F
GO:0045747 5/310 0.005555668 1 T T F F
GO:0032861 2/310 0.005798708 1 T T F F
GO:0060914 2/310 0.005798708 1 T T F F
GO:0008544 3/310 0.005834315 1 T T F F
GO:0000122 10/310 0.006647157 1 T F F F
GO:0007228 2/310 0.006725501 1 T F F F
GO:0045921 2/310 0.006725501 1 T F F F
GO:0008593 4/310 0.006852899 1 T F F F
GO:0007517 8/310 0.00754805 1 T F F F
GO:1900073 3/310 0.007565966 1 T F F F
GO:0042440 2/310 0.007714735 1 T F F F
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GO:0048813 13/310 0.00822122 1 T F F F
GO:0007219 5/310 0.008582202 1 T F F F
GO:0007158 2/310 0.00876523 1 T F F F
GO:0035290 2/310 0.00876523 1 T F F F
GO:0030707 6/310 0.009824625 1 T F F F
GO:0035050 3/310 0.010115307 1 T F F F
GO:0007450 2/310 0.011045362 1 T F F F
GO:0006270 2/310 0.011045362 1 T F F F
GO:0042332 4/310 0.01125129 1 T F F F
GO:0030713 3/310 0.011856091 1 T F F F
GO:0040034 3/310 0.011856091 1 T F F F
GO:0007560 3/310 0.012472147 1 T F F F
GO:0048190 5/310 0.012920812 1 T F F F
GO:0060288 2/310 0.013556769 1 T F F F
GO:0006468 15/310 0.013689852 1 T F F F
GO:0045165 3/310 0.013758431 1 T F F F
GO:0035317 4/310 0.015645946 1 T F F F
GO:0007422 8/310 0.01613767 1 T F F F
GO:0007506 2/310 0.016290568 1 T F F F
GO:0007417 7/310 0.01639538 1 T F F F
GO:0007391 9/310 0.016871038 1 T F F F
GO:0000281 5/310 0.016910371 1 T F F F
GO:0048749 9/310 0.017096891 1 T F F F
GO:0000915 3/310 0.017293037 1 T F F F
GO:0007268 8/310 0.017377376 1 T F F F
GO:0006281 4/310 0.01766672 1 T F F F
GO:0016080 2/310 0.017738155 1 T F F F
GO:0043067 2/310 0.017738155 1 T F F F
GO:1900244 2/310 0.017738155 1 T F F F
GO:0035017 3/310 0.018055009 1 T F F F
GO:0046579 4/310 0.018735202 1 T F F F
GO:0035025 3/310 0.018835412 1 T F F F
GO:0008104 6/310 0.0190075 1 T F F F
195
Appendix
GO:0006338 4/310 0.019284135 1 T F F F
GO:0016311 3/310 0.020451594 1 T F F F
GO:0034198 2/310 0.020789417 1 T F F F
GO:0035224 2/310 0.020789417 1 T F F F
GO:0016322 4/310 0.021578845 1 T F F F
GO:0009913 2/310 0.022391018 1 T F F F
GO:0061320 2/310 0.022391018 1 T F F F
GO:0017085 2/310 0.022391018 1 T F F F
GO:0006887 3/310 0.023905769 1 T F F F
GO:0007157 3/310 0.023905769 1 T F F F
GO:0032543 2/310 0.024041909 1 T F F F
GO:0035214 2/310 0.024041909 1 T F F F
GO:0042127 4/310 0.024672869 1 T F F F
GO:0006367 4/310 0.024672869 1 T F F F
GO:0006506 2/310 0.025741088 1 T F F F
GO:0008038 2/310 0.025741088 1 T F F F
GO:0007469 2/310 0.025741088 1 T F F F
GO:0040008 3/310 0.025743752 1 T F F F
GO:0007156 4/310 0.025981566 1 T F F F
GO:0036011 2/310 0.027487568 1 T F F F
GO:0006509 2/310 0.027487568 1 T F F F
GO:0007418 2/310 0.027487568 1 T F F F
GO:0046928 3/310 0.027655528 1 T F F F
GO:0040012 2/310 0.029280376 1 T F F F
GO:0016571 2/310 0.029280376 1 T F F F
GO:0045035 2/310 0.029280376 1 T F F F
GO:0030718 4/310 0.029433023 1 T F F F
GO:0016079 4/310 0.029433023 1 T F F F
GO:0045746 4/310 0.031628049 1 T F F F
GO:2000331 2/310 0.033001151 1 T F F F
GO:0008335 2/310 0.033001151 1 T F F F
GO:0045893 7/310 0.03468464 1 T F F F
GO:0007163 4/310 0.03470059 1 T F F F
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GO:0007630 2/310 0.034927238 1 T F F F
GO:0007447 2/310 0.034927238 1 T F F F
GO:0007186 7/310 0.035617292 1 T F F F
GO:0007552 4/310 0.036299593 1 T F F F
GO:0007280 3/310 0.038312172 1 T F F F
GO:0007498 6/310 0.038737552 1 T F F F
GO:0045332 2/310 0.038906207 1 T F F F
Hyd up
GO:0009952 6/333 1.61E-05 0.014518085 T T T F
Hyd up GO:0007186 12/333 0.000137164 0.123996111 T T F F
GO:0007432 5/333 0.000140893 0.127367593 T T F F
GO:0048477 20/333 0.000390149 0.352694748 T T F F
GO:0035051 3/333 0.000445205 0.402465695 T T F F
GO:0007411 18/333 0.00069652 0.629653783 T T F F
GO:0008347 6/333 0.000721192 0.651957317 T T F F
GO:0046058 3/333 0.001520323 1 T F F F
GO:0007608 7/333 0.001666597 1 T F F F
GO:0008406 6/333 0.001697966 1 T F F F
GO:0003333 5/333 0.002047659 1 T F F F
GO:0007440 3/333 0.002150963 1 T F F F
GO:0048615 2/333 0.002467741 1 T F F F
GO:0007501 3/333 0.002649338 1 T F F F
GO:0007188 3/333 0.003520905 1 T F F F
GO:0008078 3/333 0.004188329 1 T F F F
GO:0007494 5/333 0.004393836 1 T F F F
GO:0007369 4/333 0.004621353 1 T F F F
GO:0007510 2/333 0.00475608 1 T F F F
GO:0007509 3/333 0.004927539 1 T F F F
GO:0006184 5/333 0.005290741 1 T F F F
GO:0055088 3/333 0.005324715 1 T F F F
GO:0050808 4/333 0.005364773 1 T F F F
GO:0007498 8/333 0.005526119 1 T F F F
GO:0071907 2/333 0.005671305 1 T F F F
GO:0007403 2/333 0.005671305 1 T F F F
197
Appendix
GO:0045893 9/333 0.006067928 1 T F F F
GO:0007424 10/333 0.006381276 1 T F F F
GO:0007346 4/333 0.006474717 1 T F F F
GO:0050773 3/333 0.006629366 1 T F F F
GO:0045498 3/333 0.007102673 1 T F F F
GO:0007280 4/333 0.008409103 1 T F F F
GO:0006979 7/333 0.008741841 1 T F F F
GO:0048015 2/333 0.008853185 1 T F F F
GO:0051496 2/333 0.008853185 1 T F F F
GO:0010004 3/333 0.009193068 1 T F F F
GO:0045746 5/333 0.009303615 1 T F F F
GO:0009888 3/333 0.010358835 1 T F F F
GO:0008016 3/333 0.010358835 1 T F F F
GO:0050768 2/333 0.011323331 1 T F F F
GO:0007097 3/333 0.012261265 1 T F F F
GO:0046068 2/333 0.012658801 1 T F F F
GO:0035155 2/333 0.012658801 1 T F F F
GO:1900087 2/333 0.012658801 1 T F F F
GO:0000160 2/333 0.012658801 1 T F F F
GO:0030707 6/333 0.013592493 1 T F F F
GO:0007298 10/333 0.013594145 1 T F F F
GO:0001737 4/333 0.01380775 1 T F F F
GO:0042067 4/333 0.01380775 1 T F F F
GO:0030322 2/333 0.014059351 1 T F F F
GO:0009649 3/333 0.014350809 1 T F F F
GO:0042059 4/333 0.015304205 1 T F F F
GO:0051482 2/333 0.01552362 1 T F F F
GO:0060288 2/333 0.01552362 1 T F F F
GO:0007297 3/333 0.015848923 1 T F F F
GO:0045944 12/333 0.016201844 1 T F F F
GO:0045165 3/333 0.016629701 1 T F F F
GO:0070252 2/333 0.017050265 1 T F F F
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Table 8.6: GO-terms cellular components
Group GMRG Term Fraction P Corr. P 10% FDR 5% 1% 0.5%
Meth down
GO:0005575 3 of 12 0.183076906 1 F F F F
GO:0005634 2 of 12 0.431320984 1 F F F F
Meth up GO:0016021 4 of 18 0.036107674 1 F F F F
Hyd down
GO:0005634 72/310 2.29E-08 4.75E-06 T T T T
GO:0070938 2/310 0.002143828 0.443772376 T F F F
GO:0005886 30/310 0.00275154 0.56956877 T F F F
GO:0005700 10/310 0.003642986 0.754098093 T F F F
Hyd up
GO:0016021 45/333 3.40E-05 0.005642168 T T T T
GO:0016020 24/333 6.44E-05 0.010698168 T T T T
GO:0005604 4/333 0.000212442 0.035265415 T T T T
GO:0005886 35/333 0.000293151 0.048662999 T T T T
GO:0005887 17/333 0.000309013 0.051296151 T T T T
GO:0031234 3/333 0.004548827 0.75510531 T F F F
GO:0005605 2/333 0.005671305 0.941436707 T F F F
GO:0005891 3/333 0.007595522 1 T F F F
GO:0005634 55/333 0.00879444 1 T F F F
GO:0048786 5/333 0.00959041 1 T F F F
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